NASA TN D-1303

TECHNICAL NOTE
D-1303

APPROXIMATIONS FOR THE THERMODYNAMIC AND TRANSPORT
PROPERTIES OF HIGH-TEMPERATURE NITROGEN
WITH SHOCK-TUBE APPLICATIONS
By Warren F. Ahtye and Tzy-Cheng Peng

Ames Research Center
Moffett Field, Calif,

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON July 1962

% N 62 14066

CA S E FI L » . NASA TN D-1303







NATIONAL AERONAUTICS AND SPACE ADMINTISTRATION

TECHNICAL NOTE D-1303

APPROXIMATIONS FOR THE THERMODYNAMIC AND TRANSPORT
PROPERTIES OF HIGH-TEMPERATURE NITROGEN
WITH SHOCK-TUBE APPLICATIONS

By Warren F. Ahtye and Tzy-Cheng Peng
SUMMARY

Approximate thermodynamic and transport properties of equilibrium
nitrogen have been calculated over a range of temperatures and pressures
from 2930 to 3O,OOOO K and 10"% to 10® atmospheres. Three reactions,
dissociation, single ionization, and double ionization, have been con-
sidered for this range. These nitrogen properties were found to approxi-
mate the behavior of air properties in the region where double ionization
of nitrogen and oxygen atoms occurs. The thermodynamic properties of
nitrogen were also used to calculate the pressure, temperature, density,
and enthalpy behind incident and reflected shock waves. These shock-
wave relations were used in conjunction with shock-tube experiments to
determine the integral of thermal conductivity up to a temperature of
6,OOOO K (regilon of dissociation). A comparison of the experimental and
calculated interface temperature rises and integrals of thermal conduc-
tivity showed rather good agreement. The close correlation Indicates
that the predicted thermodynamic properties and coefficients of thermal
conductivity are sufficiently accurate for some englneering needs up to
the 1limits of the test (6,000° K).

INTRODUCTION

To predict the aerodynamics and heating of high-speed vehicles
entering planetary atmospheres, the thermodynamlc and transport proper-
ties of gases at high temperatures must be known. Approximations for
the thermodynamic and transport properties of high-temperature air exist
for orbital and reentry calculations (refs. 1 to 4). A logical extension
of the space program is the attempt to reach the planets nearest the
Earth, Venus and Mars. The prediction of the entry characteristics for
these two planets requires a knowledge of the properties of the constit-
uent gases. Astronomical observers are of the opinion that the atmosphere
of Mars is composed almost entirely of diatomilc nitrogen with traces of
carbon dioxide (refs. 5 to 7). Until recently, the opinion was also
held that the atmosphere of Venus was composed of a large percentage of



carbon dioxide with a smaller percentage of diatomic nitrogen (refs. 6
to 8). However, Kopal in his interpretation of the available spectro-
scople and photometric data has predicted an atmospheric model for Venus
which 1s predominately nitrogen (ref. 9). 1In any case, the necessity
for determining the thermodynamic and transport properties exists. These
properties may also be used in the calculation of other aerodynamic and
thermal problems within the terrestrial atmosphere, since it seems prob-
able that the behavior of nitrogen is representative of the behavior of
air in a large range of temperatures and pressures where little data for
air are availlable.

Tn this paper the approximate thermodynamic and transport properties
of high-temperature nitrogen are calculated and the thermodynamic prop-
erties are applied to the calculation of shock-wave properties. The
results of these two calculations are then used in conjunction with shock-
tube experiments to determine the integral of thermal conductivity of
nitrogen. The underlying theories and assumptions used have been devel-
oped by Hensen, et al., in reference 4 (properties of high-temperature
air), reference 10 ( shock-wave properties), and references 11 and 12
(integral of thermal conductivity for air). In the following develop-
ment , these underlying theories and assumptions will not be repeated.
Only the pertinent equations plus a few guiding remarks will be given.

The equilibrium thermodynamic properties are calculated from quantum
statistical thermodynamics, with the aid of spectroscopically determined
energy levels of nitrogen in the molecular, atomic, and ionic forms. The
transport properties are based on the simple binary collision model of
kinetic theory. The more rigorous methods of Chapman and Enskog (refs. 13
and 14) were not used because of insufficient knowledge of intermolecular
potentials. The incident and reflected shock-wave relations are based on
the familiar conservation equations of fluid mechanics. The degree of
approximation in the various theories is discussed in references 4 ana 10.

The purpose of the present paper is to provide an engineering
approximation for the properties of nitrogen over a wide range of tem-
peratures and pressures. The expressions used in calculating these
properties have been made as simple in form as possible. For example,
the thermodynamic properties can be approximated to within a few percent
of the more exact solution when only the predominant energy levels of
the lower lying states for each molecular species are retained. The
caleulation of transport properties can also be simplified by the use
of empirical criteria for deriving collision cross sections. As an
indication that the approximations introduced are reasonable, the final
portion of this paper will utilize the predicted thermodynamic and
transport properties and shock-wave relations to show that the experi-
mental and theoretically predicted interface temperature rises and
integrals of thermal conductivity compare favorably with one another.



SYMBOLS

speed of sound (zero frequency),also thermal diffusivity
stoichiometric coefficients for components Aj and By
components of a chemical reaction

Sutherland's constant

specific heat per mol at constant density for component 1
specific heat per mol at constant pressure

specific heat per mol at constant density

dissociation energy per molecule

base of natural logarithms, also electron charge
electron

energy per mol, also electric field strength

energy per mol at zero absolute temperature

degeneracy of the 1ith state

Planck's constant

'enthalpy Per mol

molecular moment of inertia, also ionization energy per
molecule

Boltzmann constant, also thermal conductivity
reference coefficient of thermal conductivity

coefficient of thermal conductivity due to molecular
collisions

coefficient of thermal conductivity due to chemical reaction

chemical equilibrium constant for concentration units



chemical equilibrium constant for pressure units

1Y
m mass of a particle
My molecular weight per mol of component 1
M mean molecular weight per mol of a gas mixture
Mg molecular weight per mol for undissociated molecules
Mg shock-wave Mach number
n vibrational quantum number; electronic gquantum number;
and concentration in moles per unit volume
N nitrogen atom, also atoms in general
Nt singly ionized nitrogen
+ .
N doubly ionized nitrogen
No nitrogen molecule
++
0 doubly ionized oxygen
by pressure
Po reference pressure, 1 atmosphere

(A1), } partial pressure of components Ay, By, «
p(Bi), .o

q ionlec charge
Q total partition function
Qe total partition function for a standard state of unit

concentration, é% Q

Qp total partition function for a standard state of unit
pressure; pPQ

QP(Ai)’ }- total partition functions for components Aj, By, . .
QP(Bi), .

r distance between atoms

Te distance between atoms in a molecule where the potential
energy is a minimum



Sy3 or
s(i-4) }

ui

(e

X1

X(Ai) )

universal gas constant, energy per mol, deg
entropy per mol
entropy per mol of component 1 at 1 atmosphere pressure

collision cross section for undissociated alr molecules

collision cross section for particle i with particle

time

absolute temperature

mean molecular velocity for molecule type 1

mean molecular velocity for undissociated air molecules
potential energy between gas particles

volume

mol fraction, or distance

mol fraction of component 1

mol fraction of component Ay,

o or 20

ibilit
compress 1ty gy =

molecular symmetry number (equal 2 for homonuclear diatomic
molecules), also polarizability

Morse function constant (eq. (36))

c
ratio of specific heats, 32
v

fraction of molecules which are dissociated or of atoms
which are ionized

energy of the i1th state
coefficient of viscosity

reference coefficient of viscosity



A mean free path for molecule type 1
o reference mean free path
v vibrational frequency
P density
Po reference density
o collision diameter
T
) J[ k 4T, integral of thermal conductivity
O’T
p* Jf k*dT, integral of thermal conductivity for ideal gas
o]
Subscripts
da dissoclation reaction
i, 3 molecules type 1 and j
P constant pressure processes
8 constant entropy processes
t,r,v,e contribution of translational, rotational, vibrational,

and electronic energy modes, respectively

I single ionization reaction

1T double ionization reaction

P constant density processes

e initial conditions in the gas medium, identified with
conditions following the reflection of the initial shock
wave

APPROXIMATE THERMODYNAMIC PROFERTIES

Fhysical Model

The real-gas model which is assumed throughout the present paper
will be described. A convenient starting point is the ideal-gas model,



which is defined as one whose molecules are capable only of translational
and rotational degrees of freedom, are chemically inactive, and obey the
perfect gas law

pV = nRT (1)

where n, the number of mols, remains constant. The real-gas model,
which will be used, 1s capable of vibrational and electronic excitation
in addition to the translational and rotational modes, and is capable

of the following reactions: dissociation, single ionization, and double
ionization. The form of the perfect gas law is still retained; however,
the quantity n 1is no longer a constant, but 1s now a function of the
additional particles produced by the reactions. Equation (1) implies
that the molecule spends the greatest part of its time in field free
space, but allows short-range interactions (i.e., collisions) to occur.
The validity of this assumption has been verified theoretically by Duclos
(ref. 15) even for the extreme case of a completely ionized gas.

General Procedure

The calculation of the thermodynamic properties of equilibrium
nitrogen is performed in three steps. The first step is to calculate
the thermodynamic functions for each of the particles (i.e., Nz, N, N,
N++, and e~) which participate in the various reactions. The term
"thermodynamic function” is used to describe variables, such as energy,
entropy, and specific heats, for a given particle, while the term
"thermodynamic property” is the corresponding term for an equilibrium
mixture of the participating particles. The basic parameter for this
calculation is the partition function, whose value is based on spectro-
scopic data. The second step 1s to determine the proportionate number
of each particle present at a given temperature and pressure. These
proportions are expressed in terms of the equilibrium mol fractions.
The third step is the calculation of the thermodynamic properties of
the mixture. This consists of a summation of the separate thermodynamic
functions which have been weighted by the equilibrium mol fractions.

Partition Function

The partition function of a given particle is the sum of the
thermodynamic probabilities of the energy states available to the particle
(ref. 16). TIts utility lies in the fact that all thermodynamic functions
can be expressed in terms of the partition function. Consequently, the
first step in determining the thermodynamic properties of an equilibrium
mixture of gases is to calculate the partition function for the component
particles. This function for a given mode of energy is defined as



Q= Z g; exp(-€;/xT) (2)
i=1

where € is the ith quantum energy level, and g4 is the degeneracy
or the total number of states which have different internal configurations
but have the same energy level. The different modes of energy may be due
to translation, rotation, or vibration of the particle, or to the motion
of the electrons within the particle. The usual assumption is made that
no coupling exists between the different modes of energy. The total
energy of the particle can then be expressed as the sum of independent
terms

€= € + € + & + & (3)

As a result, the partition function can be expressed as the product of
the component partition functions

Q = QyQrlyQe (&)

The factors on the right side of equations (3) and (%) are, respectively,
the energies and partition functions associated with translational,
rotational, vibrational, and electronic energy levels of the gas particle.
Fach factor is determined independently by an equation of the same form
88 equation (2). The quantum mechanical expressions for the various com-
ponents of equation (4) are available in reference 4. Only the ground
state was used for the calculation of the electronic partition function
for molecular nitrogen because of the extremely low probability of the
molecule existing in the next excited state. The electronic partition
functions for atomic and ionilc nitrogen are expressed in closed form by
restricting the summation to a finite number of terms. The cutoff terms
are arbitrarily taken where the outer electron energy initially reaches
the excited state corresponding to the fifth principle quantum number.
Configurations of higher electronic energy levels have been grouped
together to facilitate calculations, and the average energy level is

used for that group of individual degeneracies. In the following table
the partition function calculated by means of the exact energy levels

is compared with those calculated by means of the approximate averaged
energy levels for several arbitrary cutoff terms. The case of doubly
ionized nitrogen at 3O,OOOO K is used as an example. The table also
shows the rate of convergence as the number of terms is increased.



Cutoff _
term Exact Q Iapproximate Q

1 (ground state) 2.000000 2.000000

2 5.966672 5.966672

5 6. 736404 6.736419

10 6.822575 6.824390

32 6.823920 6.825352

54 6.82394L 6.825377

Table I presents the atomic and molecular constants used in calculat-
ing the partition functions. The molecular constants for rotation,
vibration, dissociation energy, and electronic energy levels were taken
from Herzberg (ref. 17). The 9.T76 electron-volt value for nitrogen
dissociation is used, and it is assumed that the rotational and vibra-
tional constants for all excited electronic states are the same as for
the ground state. The atomlc energy levels, as derived from spectroscopic
analyses, are taken from Moore (ref. 18).

The functions to be used directly in the calculations that follow
are the logarithms of the partition functions. The functions for the
various nitrogen particles are

n Q(N5) = % in T - 0.42155 - Zn[l.OO - exp <} §§%§;§>} - Inp (5a)

n Q(N) = g In T +0.29359 + In ZEZ gy exp(-€;/kT)| - In p (5b)
n _

n QY = % in T + 0.29359 + In ;{j g; exp(—ej/kT) -inp (5¢)
J

1The approximate partition function for this case 1s grouped according
to the following scheme:

QUNTT) = Qy + Q2 + Qa5 + Qg-7 + Qg * Gp-10 * Qu1-1s * Qus-32
+'533-42 +'§43—54

where ah-m represents
m
E:gi expl e(arithmetically averaged from n to m) /kT]

i=n
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n (vt = g In T + 0.29359 + In j{: &y exp(-g/kT)| - Inp (5d)
k

n Qle-) =% In T - 1%.2341 - In p

where T 1s the temperature in degrees Kelvin and p 1is expressed in
atmospheres. The values for 81,3,k and €1,j,k are tabulated in table I,

Thermodynamic Functions for the Various Forms of Nitrogen

According to statistical mechanics, the energy and enthalpy per mol
of a substance of homogenous chemical composition are given by the
following relatlons:

E-E dinq) _ 3108
RT T < 3T Jo =T aT (6)
0 - EO = <B In Q = d in Q,P (7)
RT oT /p aT

The quantities Q. and Q’P are the partition functions for the standard

states of unit concentration and of unit pressure, respectively. These
are related to the total partition function by

Q = 75 2 (8)
Qp = P (9)

and they are functions only of temperature so that it is their total
derivatives which are related to the energy and enthalpy as given in
equations (6) and (7). The quantity Ey is a constant representing the
total reaction energy of the particle. The choice of this level is arbi-
trary, but by convention, E; 1is taken as zero for the nitrogen molecule.
Then E, for the neutral atom is just one-half the energy of dissociation
per mol of diatomic molecules, E; for the singly lonized atoms 1s the sum
of the preceding energy for the neutral atom and the first ionization
potential, and so omn.
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The remaining thermodynamic functions, the specific heats at constant
density and at constant pressure, and the entropy, are expressed in terms
of the partition functions as follows:,

8?) _ <§ ln é) 2 <§22n Q

= (&) = oRy (2= RT? | —2= 10

o = (8), 28) . == (10)
_(eEY (M) 2<§E_ZH_Q.

v = \31/, 2RT (7 A + RT S Jo (11)

5. inQ+T §_l£_g (iEj

R oT /p

Equations (6), (7), (10), (11), and (12) expressed in terms of the
degeneracies and quantum energy levels can be found in reference k.

Equilibrium Constants

The equilibrium constant for a given reaction is the basis for the
determination of the equilibrium mol fractions of the components of
nitrogen. The reactions considered here are the dissociation of molecular
nitrogen, and the single and double ionization of atomic nitrogen. A
simplifying assumption is made that each reaction occurs independently
(i.e., one reaction is completed before another reaction 1s initiated).

A later examination of the resulting thermodynamic properties will
determine the validity of this assumption. The general expression for
a chemical reaction is given as

Z ajhi & Z biBy (13)
T

i

where the reactants are Aj and the products are Bj. The pressure
equilibrium constant can then be related to the partition function
(ref. 19) by

AR
In Kp = - Tﬁ% + zgz'bi in Qp(By) - E: ajy In Qp(Ai) (14)
i i
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where

AE, = }; byEq(B;) - }: aiEq(A) (15)

i i

is the zero point energy of the products less the zero point energy of
the reactants, both referred to their standard states. The pressure
equilibrium constants for the independent reactions, expressed in terms
of the partition functions, are

_ 113,228
T

In Kp(Nz = 2N) +2 In Qu(N) - In Qy(N2) (162)

_ 168,750
T

u

In Kp(N = Nt o+ en) +1n QP(N+) + 1ln Qp(e‘) - In QP(N)
(16b)
in K@(N+ >N rem) = - §&§é22§ + In QP(N++) + In Qp(e‘) - In QP(N:) |
16¢

The concentration equilibrium constant, K., can be related to the pressure
equilibrium constant, Ky, by substitution of equations (8) and (9) into
the corresponding forms of equation (14). The resulting relation has the
form

K. = Kp(RT) (17)

The logarithmic derivatives of the equilibrium constants will also be
required later. From equations (6), (7), and (14) these become

d in E - E
T Ke = AEO Z G > Z ayq O) (18)
aT Bi Af
i
d in K d In K
T __.___p = T _-——-c— Z 'b. - Z . l
aT T 1 a1 (19)

i i

The equilibrium constants and their logarithmic derivatives now will be
used in calculating the component mol fractions and their derivatives.
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Equilibrium Mol Fractions and Their Derivatives

A comparison of the dissoclation energy and the first and second
ionization potentials indicates that the three chemical reactions will be
relatively independent of one another. The assumption of Independence
permits the separate solution of the equilibrium mol fractions of the par-
ticipating particles in each of the three independent reactions. The
expressions for the equilibrium mol fractions and their derivatives are
presented in table II. The procedure for calculating these parameters
will be outlined in the next paragraph for the case of nitrogen
dissociation and is exactly the same for the other two chemical reactions.

In the previous section it was shown that the equilibrium constant
and its logarithmic derivative, for each reaction, can be determined from
the known values of the partition functions for each of the particlpating
particles. The equilibrium mol fraction can then be related to the
pressure equilibrium constant by the following relation

_ I{p(Bs) ]bi

(20)
TI[p(A4) 1t

P

where aj and by are the stolchiometric coefficients from the general
expression for a chemical reaction (eq. (13)), and p(Aji) and p(By) are
the partial pressures of the reactants and products, respectively. The
partial pressures, in turn, are just the product of the equilibrium mol
fraction and the total pressure of the equilibrium mixture.

p(Nz) = x(Nz)p = (%%i-éi) P (21a)
2
b0 = <)y = (i) 7 (1)

where €3 is defined as the fraction of the initial number of mols which
have become dissociated. Substitution of equations (21a) and (21b) into
equation (20) results in

. _p2(N) _ heg®
Kp(Nz = 2N) = ) (; . €d2> P (22)

Then the resulting quadratic equation is solved for &

1/ 2
€ = <1§}%_—f<;> (23)



1k

Tt 1is more convenient to express the equilibrium mol fractions in terms
of €3s @s this will simplifyy the expressions for the equation of state

for the mixture, and the derivatives of the equilibrium mol fractions.

Since it is assumed that each component behaves like an ideal gas
with respect to the equation of state, the equation for the gas mixture
also takes the same form

-5 @

This equation 1s equivalent to equation (1). The quantity Z is called
the compressibility and it represents the total number of mols per initial
mol of undissociated nitrogen, or equivalently, the ratio of the initial
molecular welght of undissociated nitrogen to the mean molecular weight,
Mg/M. For this case, Zy is equal to 1 + €3. The differentiation of
equation (23) yields the expression for (aed/BT)p in terms of the known
quantity, d In Kp/dT (eq. (19)), and the differentiation of equations (2la)
and (21b) yields the derivative of the product of the compressibility and
mol fraction, (Bdei/BT)P in terms of (Bed/BT)P. These expressions are
shown in table II. The corresponding equations in terms of the concentra-
tion equilibrium constant, K., can be derived from the conversion relation

- S8 (5
ke =B op " %o g/ ° (25)

which 1s obtained by combining the equation of state (eq. (24)) with
equation (17). The conversion relation is then substituted into equa-
tion (22) to obtain Ke as a function of €3. The derivatives of the
equilibrium mol fractions at constant density are obtained by using XKg
in place of K? and proceeding in exactly the same manner as shown for
the constant pressure case. These constant density expressions are also
shown in table IT.

At this point, thermecdynamic functions determined separately for
each of the various forms of nitrogen can be combined with the equilibrium
mol fractions and thelr corresponding derivatives to calculate the thermo-
dynamic properties of an equilibrium mixture of the various forms of
nitrogen for each of the three reactions. The properties which will be
calculated are the energy, entropy, specific heats, and the speed-of-
sound parameter.
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Thermodynamic Properties of Equilibrium Nitrogen

The thermodynamic properties are given by the sum of the separate
thermodynamic functions which have been welghted by the corresponding
equilibrium mol fractions. Generally in engineering calculations the
energy per fixed mass of gas is needed rather than the energy per mol.
This quantity can be obtained by multiplying E/RT, the energy mol, by Z,
the total number of mols per initial mol of undissociated nitrogen. The
result is the energy per mol of initially undissociated nitrogen (i.e.,

a fixed mass of 28.015 grams), and is glven as

=7 }; X4 = (26)
i

where the summation 1 extends to all reactants and products of a given
reaction, and where E; 1s the energy per mol for component i. The
dimensionless enthalpy per initial mol of nitrogen becomes

-2y (27)

The compressibility, Z, dimensionless energy, ZE/RT, and dimensionless
enthalpy, ZH/RT, which have been calculated from the preceding equations,
are listed in tables III(a), III(b), and III(c). The compressibility and
energy are shown as functions of temperature in figures 1 and 2. The
entropy per initial mol of nitrogen is obtained from the separate entropies
of the various species by the summation

Z8 § 81 § b
— — — - : s -— Z —
Z X4 x4y In x4 n (28)
i

where D, is the reference pressure for the.standard state, in this case
1 atmosphere, and Si/R is the entropy of component 1 at 1 atmosphere.
The entropy values are listed in table III(d), and also are shown In
figure 3.

The specific heats are strictly defined as the rate of change of
the total internal energy (for cy) or total enthalpy (for cp) with the
change in temperature for a fixed mass of gas. Since the total internal
energy (or enthalpy) is the sum of the products of three temperature-
dependent factors, Ei, xi, and Z, the E;(92xi/0T) terms must be included
as well as the Zxi(OEi/OT) terms. The specific heat at constant density
per initial mol of undissociated nitrogen 1is given by
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Z 3 Az
_lgﬂzxi_lwzm(xi) (29)

i

where ¢y 1s the derivative of energy for component 1, that is dEi/dT.
The corresponding equation for the specific heat at constant pressure is

}: Xy <%% + %> + T }: <§ > Bfo> (30)
i i

The specific heats calculated from equations (29) and (30) are listed in
tables III(e) and III(f), and are presented in figures 4 and 5.

The speed of sound in nitrogen can be calculated from the specific
heat values determined above. The dimensionless speed-of-sound parameter,
azp/p, was derived in reference 4, in terms of variables already calculated

a2p _ 1+ (T/Z)(BZ/BT)P

T Te (1/2)(32/31),

(31)

This dimensionless speed-of-sound parameter is listed in table I11(g),
and is shown in figure 6 as a function of temperature.

Discussion of Results

The criterion for the reactions to proceed independently of one
another, as previously assumed, is that the derivatives, (BZ/aT)p, for

the successive reactions vanish in the transition region. Figure 7 shows
the compressibility and dimensionless energy which were computed sepa-
rately for each of the three chemical reactions. It is seen that the
continuity requirement is approximately satisfied except at the highest
pressures. This comparison justifies our original assumption of reaction
independency.

The final tabulated and plotted curves of the thermodynamic properties
in table III and figures 1 through 6 are presented with the discontinuity
faired out by use of the compressibilities for each of the three reactions
(see table II) as weighting functions. For example, the corrected
compressibility and dimensionless energy are, respectively, expressed as

Z =1+ € +2e + 2eg (32)
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2-®, 2% @ @) E=EL®)
RT  \RLJy 27 - Zy L\RL/1 ~ \BL/gl Zrp - 27 L\RT/11  \RL/1

where the subscripts d, I, and II refer, respectively, to the
dissociation, single ionization, and double lonization reactions.

For the purpose of discussion, it 1s convenlent to divide both the
thermodynamic properties and the transport properties (to be discussed
in a subsegquent section) into two categories. The properties of the first
group are characterized by a dependency only on €, the fraction of initial
particles which have become elther ionized or dissociated. The quantity
€ 1is a measure of the equilibrium composition of the gas. The properties
of the second group are dependent on the partial derivative de/dT, as
well as on € itself. This partial derivative 1s a measure of the change
in the equilibrium state with increase in temperature, since 1t can be
gee7ain table II that O€/OT 1s directly proportional to BK?/BT or
Ko/ OT.

The € dependent thermodynamic properties include the compressi-
bility, 2, the energy, ZE/R, the enthalpy, ZH/R, and the entropy, z5/R.
These parameters increase gradually with temperature as the first reaction
proceeds then level off as the reaction approaches completion. This is
followed by similar variations to higher levels for each of the succeeding
reactions (see fig. 3). The thermodynamic properties dependent on de/aT
include the specific heats at constant density and pressure, ZcV/R and
Zcp/R, and the speed-of-sound parameter, azp/p. The relative effects of
€ and Be/BT on the thermodynamic properties in this second group can be
seen by separating the expressilons for these properties into the € com-
ponents and the Be/BT components. For example, the expression for ZcV/R
(eq. (29)) can be written explicitly in terms of € and (3e/dT), for the
double ionization reactlon

E%K = [(2 - 2e77) %% (8%) + 2epg %% (NT) + (2 + 2eqq) %% (e')}
3
cer (2T [ B o+ B0t & ()] (34)

Similar expressions exist for the case of dissociation and single ioniza-
tion. The resulting € and Be/BT components of ZcV/R for the three
reactions are compared in figure 8. It can be seen that the € component
is negligible in all three cases, and that it 1s the Je/dT component
which determines the temperature variation of ch/R. The dominance of
the BE/BT component can be attributed to the large value of the reaction
energy, By, contained in the E/RT factor, as compared to the magnitude
of the cV/R factor in the € component. The properties dependent on
Be/BT are characterized by a distinct peak for each of the three reac-
tions as the corresponding BK?/BT approaches a maximum. The dimension-
less specific heat at constant pressure, Zcp/R, has the same type of
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temperature variation. The speed-of -sound parameter, agp/p, does not
exhibit a similar regularity since it is a function of two Je/dT
parameters (eq. (31)) which peak at slightly different temperatures.

The possibility is great that the behavior of nitrogen is represent-
ative of the behavior of air, since nitrogen is the main constituent of
air. Comparison of the calculated thermodynamic properties of air fron
reference 4 with those of nitrogen in figure 9 shows that this is certainly
the case from the point where oxygen is completely dissociated (z = 1.2)
up to the point where single ionization of oxygen and nitrogen is com-
pleted (Z = 4.0). No comprehensive set of thermodynamic and transport
data for air has been presented at higher temperatures where double loni-
zation becomes important, although Gilmore has presented exact thermo-
dynamlc calculatlons for equilibrium. air at selected temperatures of
18,000° K and 24,000° K (ref. 1). In this light, a simplified gas model
ig agssumed for calculating the thermodynamic properties of equilibrium
alr whose components, nitrogen and oxygen, are undergoing double ioniza-
tion. These properties will then be compared with the previously calcu-
lated thermodynamic properties of pure nitrogen for a few conditions to
give an indication of the changes introduced by the presence of the oxygen
components. The few exact points calculated by Gilmore will also be com-
pared with the nitrogen data of this paper. The same type of comparisons
will be made for transport properties in a subsequent section.

A gas model is assumed in which the nltrogen ions, Nt , and oxygen
ions, oF , undergo a successive ionization to N t+ ana ott simultaneously
but independently. The term "independently,” in this case, describes a
reaction which has no effect on the equilibrium constant for the other
simultaneous reaction, and vice versa. In addition, it is assumed as a
first approximation that the pressures of the nitrogen mixture and the
oxygen mixture are each equal to the total pressure. These assumptions
permit the direct use of the previously calculated thermodynamic proper-
ties of nitrogen, and alsc permit the use of the same procedures for
calculating the thermodynamic properties of oxygen. The second ionization
potential and electronic energy levels for doubly ionized oxygen are taken
from reference 18. The thermodynamic properties for this simplified model
of air are then obtained by weighting the nitrogen and oxygen values in
the ratio of 4 to 1 to account for their proportions in air, and adding
these weighted values. The only effect of any consequence which cannot
be accounted for in this approximation is the influence of the products
Nt and e-, resulting from the double ionization of nitrogen, on the
equilibrium balance for the double ionization of oxygen. The products,
0+t and e, resulting from the double lonization of oxygen should not
have any noticeable effect on the double ionization of nitrogen because
of the higher second ionization potential for oxygen and the lower
proportion of oxygen particles.

The computational procedures previously described for nitrogen were
~ also used for the oxygen component of the simplified air mixture. The
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dissimilarities between the nitrogen and oxygen values of the electronic
partition function and the second ionization potential are shown in the
following table:

Nt ott
Second
ionization potential
29,605 e.v.| 35.146 e.v.
Temperature Electronic

°k partition function
20,000 6.152 10.143
25,000 6.437 10.706
30,000 6.875 11.260

These dissimilarities result in large differences in €pp and in BGII/BT
(fig. 10). It is these differences vhich are mainly responsible for any
deviation between the properties of nitrogen and air.

The thermodynamic properties of nitrogen are compared in figure 9
with those for the simplified model of air, in the region where double
ionization of oxygen and nitrogen particles occurs. Tt can be seen that
the € dependent thermodynamic properties (z, ZE/RT, ZH/RT, and ZS/R)
for air and nitrogen have the same temperature variation and approach each
other in magnitude. The largest difference in magnitude 1s approximately
7-1/2 percent and in most cases is much less than this. The O¢/oT
dependent thermodynamic properties (Zey/R, Zcp/R,vand a2p/p) were shown
previously to consist of a series of sharp peaks due to the predominance
of the BG/BT term. The location and magnitude of these peaks are of
primary concern. The magnitudes of these peaks for air and nitrogen are
within 2 to 12 percent of one another, depending on the pressure. The
temperature at which these peaks occur is predicted with a difference of
only 2 percent. The prediction of points off the peak shows marked
differences due to the abrupt changes with temperature (fig. 9).

The approximated thermodynamic properties of air were easilly
calculated in this paper because reaction interactions were neglected.
These complex interactions were accounted for in the exact solution of
Gilmore (ref. 1). In the reglon where double ionization of nitrogen and
oxygen becomes Important, thermodynamic properties were calculated by
Gilmore only at temperatures of 18,000° K and ol ,000° K. However, these
points can be used to determine the degree of approximation introduced
by the assumption of the simplified air model. The approximated €T for
the nitrogen and oxygen components are compared in figure 11 with those
from reference 1. The values for the nitrogen components compare favor-
ably, as expected, whereas the comparlson Ilndicates that the assumptions
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have resulted in a decrease in the amount of doubly ionized oxygen at a
given temperature and pressure. The exact values of € for oxygen lie
between the é€ry values for the oxygen component of the simplified model
of air and the calculated nitrogen values. It is expected that the same
trends would hold for Jepy/OT (see table II). Therefore, the thermo-
dynamic properties for the simplified model of air with its smaller values
of epr and derr/OT for the oxygen component are a fair estimate, and a
more realistic model would result in better correspondence between the
thermodynamic properties of nitrogen and air. This trend is also shown
in figure 9 where the exact alr values for Z, ZE/RT, and ZS/R from
reference 1 are compared with those for nitrogen and for the simplified
model of air.

APPROXIMATE TRANSPORT PROFPERTIES

Accurate values of the thermodynamic properties of gases may be
calculated by use of quantum statistical theory because of the availla-
bility of spectroscopically determined atomic and molecular energy
levels (refs. 17 and 18). Expressions for the transport properties due
to binary collisions have also been derived by Hirschfelder in refer-
ence 20. However, the determination of the fundamental variables, the
collision integrals, has not proven amenable to either experimental or
theoretical solution for binary collisions of most gases. As a result
approximate theories must be used, in contrast to the more exact theories
for the thermodynamic properties.

The development of the elementary theory of transport phenomena from
collision consgsiderations can be found in references 13 and 21. The
approach taken In this paper is to express the mean free path in terms of
the effective collision ecross section, S. The gquantity S 1s then used
as the fundamental quantity for calculating the coefficlent of viscosity
and the coefficient of thermal conduction due to the combined effects of
collision and diffusion. The expressions for the effective cross sections
for collisions between the various particles will be listed in the follow-
ing paragraphs. A discussion of the origin and qualitative aspects of
these collision cross sections is available in reference 4.

Collisions between nitrogen molecules can be approximated by a hard
sphere model with a superimposed repulsive force which asymtotically goes
to zero at higher temperatures. The effective collision cross section
for this model, Sy, is expressed by the Sutherland formula

So =sm<1+%> (35)

For nitrogen C 1s the empirically determined constant equal to 112.0° K,
and S, 1is the molecular cross section of the hard sphere model and is
equal to 3.thlO'15 cm2. The quantity Sy will also be used to express
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all collision cross sections in dimensionless form, as the expressions
for viscosity and thermal conductivity require the cross sections in the
ratio form Sij/so: where Sij is the effective cross section for

collisions between type 1 and J particles.

The subsequent collision cross sections are determined by the
assumption that the collision radius is the interparticle distance where
the interparticle potential 1s equal to an empirically determined value.
For the transfer of momentum and energy this value is taken equal to -kT,
and for diffusion this value is equal to -2kT. The atom-atom potential
may be approximated by the Morse function (ref. 10). The resulting
effective diameter for collision between nitrogen atoms 1s

R § - [ - kT
=1 B'Ln< 1 D> (36a)

for momentum and energy transfer, and

o .,.1 &t

for diffusion; where D 1is the dissociation energy; Te is the interatomic
distance at which Uy, the lowest lying potential, is a minimum; and B 1is
a constant related to the vibrational frequency of the stable molecule.
These constants were taken from Herzberg (ref. 17) and are listed in the
following table:

Colliding D/k, Tes
particles OK B angstrom

N - N 113,230 2.943 1.09k4
N - Nt 101,250 2.940 1.116

The atom molecule collision diameter will be taken as the arithmetic
average of the atom-atom and of the molecule-molecule collision diameters.

The remaining collision cross sections for the single and double
ionization reactions are relatively simple to calculate. The coulomb
type force exists during an encounter between two charged particles. As
before, the collision diameter for momentum and energy transport is defined
as the interparticle distance where the modif'ied coulomb potential is
equal to -kT. In view of the order of the approximations involved,
these cross sections are also assumed for the case of diffusion. The
expression for the collision diameter for two particles thus becomes

2
91y = 4393 ie{TI‘- In A (37)
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The quantity qiqj is the product of the lonic charges for the inter-

acting charged particles. The second factor, In A, 1is a shielding
correction which occurs in a plasma of finite density. The derivation
of this correction is given in reference 22. For the case of single
ionization the correction is

In At = In {}.0231X10_7T2[x(e")p]-l/%}' (38)
For the case of double ionization the correction is
2 -
in A = In {?.hh68x10‘7 ég—-[x(e')p(qil +1)] l/é}- (39)
dr71
where

__x(NY) o+ ox(n')

= L
qII x(N+) + X(N++) ( 0)

At the densities considered here, the effects of this correction are not
very large until the gas is almost completely lonized. The single ion-
atom collision may be treated in the same manner as the atom-atom colli-
sions, since the spectroscopic data for lonized molecules are available

and can be used in setting up the Morse function between the ilon and the
neutral atom. The constants for this case are also listed in the preceding
table.

Fncounter of an electron with an atom will polarize the atom,
resulting in a charge-dipole interaction. The potential resulting from
the classical dipole interaction is assumed, and the resulting collision
dismeter for energy transport, momentum transport, and diffusion is then
equal to

i/ 4
_ (2
o = (ékT (k1)

~ where a, the polarizability, is equal to 10.38%107%° cm® for nitrogen
(ref. k).

Viscosity

The viscosity of nitrogen will be calculated from the simple summation
formula for a mixture of hard spherical molecules similar fo the one given
by Kennard in reference 21
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n = % Z P1U4 My (k2)
i

where

1

) Mi -1/2
2n Z XjSij 1 +ﬁ3

J

A=

(43)

and where n denotes the concentration in moles per unit volume. This
expression for the mean free path was developed from the more rigorous
form given in reference 20, and differs from the corresponding expression
of reference 21 in two respects. First, the exponent of the mass term

is -1/2 rather than +l/2, and second, a factor of 2 appears in the
denominator. An explanation of these discrepancies can be found in
reference 23.

In the subsequent calculation of viscosity, it will be convenlent to
use, as a reference value, the viscosity which nitrogen would have at the
same temperature if the molecules did not dissocilate or ionize

- 5% - ;s NT__ g
Mo 2 oouoko 1.413X10 - 112 cn-sec (L4h)
T

Then the ratio of viscosity to the reference viscosity becomes

L ﬁiﬂz:z@ﬁ_ )C&)’LZ@’L %
o Po Yo Ay n o 1) ¥y Ao T Mo i o ()

i

where the mean-free-path ratio is

1/2
A Ss s
_0=Zx._1i__2__ (46)
N 8, Mi
j l+ﬁjj'

The coefficients of viscosity for high-temperature nitrogen have
been calculated from equations (45) and (46) and the results are presented
in table IV(a) and in figure 12. The terms in the summation of equa-
tion (46) will also be used in the evaluation of the coefficient of thermal
conductivity.
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Thermal Conductivity

The energy transfer, or thermal conductivity, through a high
temperature, chemically reacting gas is treated in two independent parts.
The first component is the energy transferred by molecular collisions,
and this mode of energy transfer is the one responsible for the ordinary
thermal conductivity of nonreacting gases. The second component is the
energy transferred by diffusion of the molecular species and the reactions
which occur as the gas tends to maintain itself in chemical equilibrium
at each point. The component of thermal conductivity due to collisions,
kps 1s given by the simple summation equation

fum! Az Cq R
kp = g—;‘- Py ﬁ @- ct Cint>i = %% Z M piuy <’NH * % M—l) (+7)
1 i

since "cj, the specific heat at constant density, is equal to the sum of
cy, the specific heat per mol due to translational energy (3R/2), and
cint,» the specific heat due to the internal energy.

Tt will be convenient to define a reference coefficient of thermal
conductivity just as was done for the viscosity, that is, the value that
nitrogen would have at the same temperature if the molecules did not
dissociate or ionize

19 R)_1L R
ko = %% PolioMo 7? M, = 7? M, Mo
_ -5 JT Joule
= 1.992x10 — 112 Ga-sec-OK (48)
T

The ratio of the thermal conductivity coefficient to the reference
coefficient becomes

k _ M ?\i M L C4 9
?ZQ%W.)M‘G@'?@) (o)

The first factors in each term of the summation are Just the terms already
calculated for the viscosity.

The second mode of energy transfer, which takes place whenever the
gas undergoes a chemical reaction, is due to the diffusion of the chemical
species. These particles then react with one another, giving off or
absorbing the heat of reaction and causing heat transfer which may be
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considerably larger than the ordinary heat transfer due to molecular
collisions. The expression for this component of thermal conductivity
is taken from reference 24, and may be expressed as

12.f5 . d In Ké>2

kr _ 95 aT
Ko MiMj 1/2 S:!Ljai
——= (ajxj - aj%i)
: Mo(Mi + Mj) SoXi
i

where the prime denotes the cross section for diffusion, and aj are the
stoichiometric coefficients of components A; in the chemical reaction

written in the form
Z ajh;y =0 (51)

i

(50)

The double summations in the denominator of equation (50) take on the
forms as follows:

Case I - Dissociation reaction

Z Z 1 S'(Nz - m) [x(N) + 2x(Nz) ) (52)

x(N)x(Nz)

Case II - Single ionization reaction

S'(N - 1) s SUN - e | Ix(w) + x(wh)]®
Z Z + L4.425%10 5 ) (53)

Note that the Nt - e~ collislon term disappears as the factor

_ 12
Lx(; )+ x(e”) ] is zero because of the equality of x(N") and x(e”).
x(N )x(e‘)
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Case III - Double ionization reaction

}; E{: _1st - v (D) + x( 1"
2

T3 o ()2 ()
+ 4.h25%1073 st (N - e7) [x(e) +x(xh)]?
So x(e=)x(NY)
+ 4. bo5%1073 sttt - e7) [x(e”) - x(nTH) 17 (54)

So x(e)x(xth)

The total coefficient of thermal conductivity is the sum kp + k.
The values of this sum were calculated for nitrogen and the results are
presented in figure 13 and table IV(b). The Prandtl numbers are calculated
from the relation

(55)

and are listed in table IV(c) and are presented in figure 1h.

Digcussion of Results

The calculation of transport properties due to binary collisions
required two approximations: (1) empirically determined collision cross
sections in place of collision integrals, and (2) summations of momentum
and energy exchange terms in place of the rigorously derived determinant
form of reference 20. The degree of approximation brought about by use
of an effectlve collision cross section is discussed in reference Ik, The
summation form is equivalent to setting the off-diagonal terms of the
determinants equal to zero. An indication of the deviation due to this
method can be obtained by a comparison of the transport properties of
this paper with those computed by the similar method of reference 25,
where the deviation from the determinant form is known. The expressions
of reference 25 are similar to the swmmation form of this paper in that
the off-diagonal terms are also neglected. The comparative data for the
case of dissociation indicate that using the summation form in the present
paper resulted in a maximum error of 4 percent for viscosity and 15 per-
cent for thermal conductivity. The maximum error occurs at a point where
* nitrogen is about 50 percent dissociated. The errors vanish at the point
where nitrogen is completely undissociated or completely dissociated. A
qualitative inspection of the off-diagonal terms and the corresponding
collision cross sections for the single and double ionization shows that
the maximum errors are less than those gquoted for the dissociation
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reaction. The other calculated component of thermal conductivity, ke,
contains little error as this component (eq. (50)) is obtained directly
from the rigorous solution.

The transport properties, like the thermodynamic properties, can be
separated into € dependent properties and BG/BT dependent properties.
The first group includes the coefficient of viscosity and the collision
component of the coefficient of thermal conductivity kpn. The viscosity
ratio shown in figure 12 is characterized by a slight rise with temperature
as the amount of atomic nitrogen increases, followed by a sharp decrease
in the region of ionization. These variations can be attributed to the
fact that the viscosity ratio for each pair of colliding particles is
inversely proportional to the size of the corresponding effective collision
cross section (egs. (46) and (47)). For dissociation, S(N5 - N) and
S(N - N) are slightly less than S(Nz - Nz), and for ionization, s(nt - nh
and S(N*t - N**) are greater by several orders of magnitude than either
s(N - N) or s(N - &F).

A comparison of the two components of the coefficient of thermal
conductivity, the € dependent kp and the Je/dT dependent kp
(fig. 15), shows the relative effects of the two categories. Tt can be
seen that the chemical reaction component, kr/ko, predominates for the
dissociation and single ionization reaction, and is characterized by a
steep rise with temperature as BKP/BT approaches a maximm, followed by
a decrease as BKP/BT passes this maximum. The thermal conductivity
ratio for the double ionization is unique in that the € dependent term,
kn/ko, is the predominate one. The factor which suppresses kr/ko can
be seen by inspection of the expression for the denominator of kr/kO
(eq. (54)). The magnitude of the denominator is determined by the first
term on the right side since the other two terms prove to be negligible
because of the small mass of the electron. Because of its coulombic
nature, the collision cross section S‘(N+ - N++) is larger by an order
of magnitude than the corresponding ones for dissociation and single
ionization S'(No- N) and S'(N - N*). This large value of gr(nt - N
thereby compensates for the peak value of d In K?/BT in equation (54).

)

The Prandtl number does not follow any of these variations since it
contains the ratio of two Je¢/dT dependent terms (eq. (55)). A discussion
of the temperature variation of the Prandtl number is available in
reference 4

The transport properties for nitrogen are compared in figure 16 with
those for air in the region of double ionization of oxygen and nitrogen
atoms. The transport properties for the simplified model of air were
calculated by the same procedure previously described for the thermo-
dynamic properties. The trends shown for the comparative thermodynamic
properties of air and nitrogen hold for the transport properties. The
ratios of viscosity and thermal conductivity for air and nitrogen are
predominantly € dependent and, as a result, have approximately the same
value over the range of double ionization. The Prandtl numbers are de/dT
dependent and, as a result, are comparable only for peak values.
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SHOCK-TUBE APPLICATIONS

The theoretical values of the integral of thermal conductilvity for
air were compared with the experimental values in references 11 and 12.
Although nitrogen is the major constituent of air, the component of thermal
conductivity due to nitrogen was completely masked by the oxygen component
because of the much lower dissociation energy of oxygen. For this reason,
it is necessary that an independent evaluation of the integral of thermal
conductivity for pure nitrogen be made.

The first step in the shock-tube evaluation of transport properties
is to determine the state variables, p, T, o, and h, behind the Incident
and reflected shock by use of the previously calculated thermodynamic
properties of nitrogen. For a range of temperatures and pressures where
the ideal gas behavior is no longer valid, the shock-tube relations cannot
be given analytically in terms of initial conditions, but must be obtained
by iteration. A general outline of the iteration procedure is presented
in reference 26 and in the introduction to reference 3. The iterative
solutions are presented in figures 17, 18, and 19 as functions of the
shock-wave Mach number, Mg - the speed of the shock wave divided by the
speed of sound in undisturbed nitrogen. The calculations were carried
out to a maximum Mg of 3%. The state variables are presented as the
ratio of the calculated real-gas variable to that for the ideal gas
(appendix A). This dimensionless form was chosen in order to maintaln
the same degree of accuracy on the graphs throughout the range of shock-
wave Mach numbers. The solutions are shown for combinations of three
initial temperatures, 293° K (fig. 17), 400° K (fig. 18), and 500° K
(fig. 19), and six initial pressures varying from 1.0 to 107° atmospheres.
Subseript 1 refers to the initial conditions and subscript 2 to the
conditions following the normal shock. Subscript 3 refers to the con-
ditions following the reflection of the normal shock from the closed
end of the shock tube. The superscript * denotes the ideal-gas con-
dition. The expressions for the ideal-gas variables behind incident and
reflected shocks are given in appendix A for convenience. Note that the
displacements of the curves are about proportional to the logarithm of
the initial pressure p, SO it is possible to interpolate between the
curves with reasonable accuracy.

A similar set of calculations for air was presented in reference 10
for an initial temperature of 293° K. The calculations were carried out
to & maximum shock-wave Mach number of 16 (approximately corresponding
to Tz = 15,000° K). The similarity of thermodynamic properties for air
and nitrogen indicates that the nitrogen shock properties may be similar
to those for air, beyond the range of the data in reference 10. An
inspection of the terms in the basic shock equation used in the iterative
caleylation shows that the required thermodynamic properties are all €
dependent. The thermodynamic properties for air and nitrogen in this

category were shown to be within at least L4 percent of one another for
the range of temperatures and pressures considered. As a result, the

= -\
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shock-wave relations for nitrogen can be substituted for those of air with
the same order of deviation for incident shock strengths where the com-
pressibility factor of the air behind the incident shock is greater than
1.5. This criterion is shown as a dotted line in figures 17, 18, and 19.

The experimental and theoretical thermal conductivity of nitrogen
can be compared once the computed state variables behind incident and
reflected shocks are available. The highest temperatures attained in the
shock tube are generated by the reflection of the shock wave off the end
of the tube. The thermal situation can be represented by convective and
conductive heat transfer between a semi-infinite solid with a uniform
initial temperature and a semi-infinite, shock -heated, high-temperature
gas with a uniform initial temperature. The two media are separated by
an interface whose temperature remains constant with time after the
initial contact. Two similar analyses of this particular configuration
provide conductivity-dependent parameters which can be used in the
experimental and theoretical comparison. The first analysis, developed
by Thomson in reference 27, predicts the interface temperature rise due
to convective and conductive heat transfer between the s0lid and the
gas, both with specified thermal conductivity. The second analysis,
developed by Hensen, et al. (ref. 11) predicts the integral of thermal
conductivity of the gas at the initial wniform temperature for a given
interface temperature rise. The last analysis is based on the premise
that the heat transfer is solely conductive. Both methods are outlined
in the following paragraphs.

Thomson's approach is to start with a gas of known thermal

conductivity, which must satisfy both the continuity equetion and the
energy equation

3 .

9 =0
b (pu) (56)

aT _ d (. T
°P° 3% T3\ o e

where u 1is the mass-weighted average velocity of the gas mixture at the
point x. A transformation is then made to the new variables ¢, ¥y, V,
and & which are defined as follows. The quantity ¢, the integral of
thermal conductivity, is defined as

T
cp=fo x aT (58)
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and can be obtained by integration of figure 13. The quantity Yy, the
dimensionless time-distance parameter, is defined as

= = (59)
Y Jhaot

where a, 1s an arbitrary, fixed reference value of the diffusivity
kﬂbcp). Furthermore, the solution may be given as functions of V¥ and &

g =22 (60)
and

Wy) =& (61)

It should be pointed out that setting V¥ equal to zero corresponds to
assuming heat transfer by conduction only. Substitution of the quantities
defined in equations (58) through (61) into the energy equation (eq. (57))
results in

a df _
5 ay eyt(ey - 1) (62)

By use of the same transformation the continuity equation (eq. (56))
becomes

¥ ¥ o0 L de oy L1 (63)

The equilibrium quantities k{(T) (egs. (48) and (50)), CP(T) (eq. (30)),
and ofT) (eq. (24)) are easily converted through the variation of ¢ = ¢(T)
(eq. (58)) to a(9) and p(9). The easlest method of solving the differ-
ential equations (60), (62), and (63) is to arbiltrarily choose values

of AT and p, evaluate the various boundary conditions, then numerically
integrate the equations. The solution gives ¢(1n), £, and y as functions
of AT, and p. The result of the analysis is shown in figure 20, in the
form of T, the initial equilibrium gas temperature behind the reflected
shock, versus ATy, the interface temperature rise. Two cases are shown

in figure 20, the total AT, and the component of Al, due to

conduction, (ATO)W=0'

The approach described by Hansen (ref. 11) is to start with a gas
whose thermal conductivity need not be known. The gas must satisfy the
energy equation (57), which can be expressed in terms of the integral of
thermal conductivity as
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2
% .99 _, (k)
St Ax=2

A second transformation is then made to the new variables Yy (eq. (59))
and z

z = (65)

where @ is an arbitrary, fixed reference value of. the integral of
thermal conductivity. Then the partial differential equation (6h)
becomes the ordinary differential equation

a 4%z dz
8 82 4oy 82 =0 66)
oz Yy (

For the high-temperature reacting gas it 1s assumed that the diffusivity
in equation (64) is proportional to the integral of thermal conductivity
up to a transition point, 9., above which it is a constant a,. This
leveling off of the thermal diffusivity can be attributed to the sudden
increase in the component of thermal conductivity due to chemical reaction
(fig. 15). The assumed diffusivity is compared in figure 21 with the
diffusivity calculated from the theoretical approximations of this report.
For the region where a 1s proportional to @, the quantity zo 1s equal
to unity, and equation (66) becomes

a%z dz _
zdy2+2ya-§-0 (67)

If the value of the dimensionless heat flux at the interface, (dz/dy)o,
is assumed, it becomes relatively easy to integrate numerically equa-
tion (67) from z equal to zero to the transition point zc. Since
the diffusivity is assumed constant for 2z > Zq, the solution of equa-
tion (66) for this second reglon can be obtained directly from the
expression

e [P (2) (o 1) (e L - e 22)
z ze + —K—-<;y:L §XP o e?f JEE erf JEE (68)

The value of 2z, 1is easily found from equation (68) by letting ¥
approach . Therefore, this analysis provides a direct relation between
the heat-transfer rate at the interface in the form of (dz/dy), eand the
integral of thermal conductivity of the high-temperature gas behind the
reflected shock in the form of Zg. This relationship 1s shown in

figure 22. '
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Two experimental quantities are required from the shock-tube
experiments for the purpose of comparing experimental and theoretical
values of the interface temperature rise, ATy, and the integral of thermal
conductivity, ¢ . The first is the initial state of the high-temperature
nitrogen behind the reflected shock. The shock-wave speed is obtained by
measuring the time interval for the shock to traverse two pressure pick-
ups spaced at a known distance. The state of the nitrogen in the test
region 1s then obtained from the previously calculated state variables
behind a reflected shock, which were presented as functions of the shock
Mach number. The resultant values of T, are the independent variables
for the experimental values of AT, and ¢,. The second quantity, the
interface temperature rise, is measured by a thin film resistance gage
mounted flush with the wall at the end of the shock tube. The theoretical
and experimental aspects of this thin film gage are discussed in refer-
ence 12. The experimental values of AT, are obtained directly from this
measurement . The measured values of AT, are also used to obtaln experi-
mental values of ¢ 1in the following manner. The AT, 1s related to
the derivative (dz/dy)o by equating the conductive heat flux at the
interface

o () - (69)

where the subscript V¥ = O signifies that the A, 1in this equation
corresponds to the component due to conduction only. Therefore the
interface temperature rise obtained in the experiment was multiplied by
the theoretical ratio of (ATo)w=o/ATo in order to subtract out the con-
vective component. The resultant derivative (dz/dy)o in equation (69),
in turn, is related to the experimentally determined integral of thermal
conductivity ¢, through figure 22.

The two analyses for the calculation of the theoretical integral of
thermal conductivity are based on the assumption that the gas is completely
in equilibrium. There is some question concerning possible nonequilibrium
effects at the instant immediately following the reflection of the shock
off the end of the tube. Shock tube test intervals were compared with
nitrogen relaxation times in reference 11. The comparison shows test
intervals several orders of magnitude (50 to 200) larger than relaxation
times. Therefore, the relaxation effects can be assumed to be negligible
for these experiments.

Discussion of Results

The experimental variation of interface temperature rise, Amo, with
initial gas temperature, Ty, is compared in figure 23 with the theoretical
variation determined by the method of reference 27. The experimental
integrals of thermal conductivity determined by the method of reference 11
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are compared in figure 24 with the theoretical integral. The theoretical
integral of thermal conductivity for this comparison i1s obtained by sub-
stitution of the values of the coefficient of thermal conductivity calcu-
lated in the previous section into equation (58). Both comparisons, in
essence, are indications of the accuracy with which the integral of thermal
conductivity has been predicted. The variation of pressure Pz with
increasing temperature Ty (i.e., increasing shock strength) for this
series of experiments can be seen in the upper margin of both figures.

It should be emphasized that the pressures and temperatures behind the
reflected shock, Py, and T,, are not measured directly, but are calculated
from the shock relations for a measured value of shock speed.2 In other
words, the experiment is a test of the consistency of both the thermo-
dynamic properties used in calculating shock relations and the thermal
conductivity approximations.

The lowest temperature experimental point (910° K) in both comparisons
was used for callbration of the film gage, as the values of the thermal
properties of the gage (¢, and k) are relatively uncertain. At this test
condition the interface temperature jumped approximately 150 K above atmos-
pheric temperature after the reflection of the shock wave. At this tem-
perature where the thermal conductivity has been established, constant
values for the thermal diffusivity and product of specific heat and thermal
conductivity of the thin film gage were found by equating the experimen-
tally determined AT, and ¢, to the theoretical values. These constants
were then used to analyze the data for higher temperature tests where the
interface temperature rise, ATy, varied from 30° K to 50° K.

The experimental interface temperature rise is compared in figure 23
with the theoretical values. The agreement is good up to and including
the maximum temperature of 6000° K. The experimental integrals of thermal
conductivity obtained from the measurements of boundary conditions are
compared in figure 24 with the theoretical integral. Both the experimental
and theoretical values are presented in dimensionless form @w/ww*, where
the Qw* 1s defined as the integral of thermal conductivity for ideal
nitrogen (i.e., translational and rotational degrees of freedom). The
expression for @ _* 1is given by

T
P* = f ko dt (70)
O

where the expression for k, 1is given in equation (50). At temperatures
ranging up to 4500° K, the increase in the over-all integral above the
ideal gas value of 1.0 can be attributed to vibrational and electronic
modes of excitation. Above 4500° K, nitrogen dissociation is initiated,

as evidenced by a sudden rise in @_. It was pointed out earlier that

the rise is caused by the increase in the component of thermal conductivity
due to chemical reaction. The experimental and theoretical Qm/@m* agree

2The quantity Pz was measured in reference 11 and found to agree
with calculated values within a few percent for most cases.
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fairly well up to 5000° K. From 5000° K to 6000° K, the experimental
Qm/mw* is generally higher than the theoretical value by approximately
15 percent. A cluster of experimental points at 6000° K coincides with
the theoretical value. This agreement is fortuitous and can be attrib-
uted to the fact that the assumed diffusivity was much lower than the
theoretical diffusivity at temperatures above 5500° K (fig. 21).

The comparisons of AT, and @, in essence, are a direct indication
of the accuracy with which the thermodynamic properties and the integral
of thermal conductivity for nitrogen have been predicted. The coefficients
of thermal conductivity k/ko can be derived only from the slope of the
temperature versus integral of thermal conductivity (fig. 23). However,
the uncertainty of a derivative from any experimental data 1s relatively
large, although it is evident that any discrepancies between experimental
and predicted thermal conductivities would be much smaller than the cor-
responding discrepancies between experimental and predicted integrals of
thermal conductivities. In this light, the close correlation between
experimental and theoretical estimates of the integral of thermal con-
ductivity can be interpreted as a necessary but not sufficient criterion
that the predictions are accurate. The correlation does indicate that
the predicted thermodynamic properties and coefficients of thermal
conductivity may have suitable accuracy for many engineering needs.

CONCLUDING REMARKS

The thermodynamic and transport properties of equilibrium nitrogen
have been estimated over a wide range of pressures and temperatures where
dissociation, single ionization, and double ionization occur. It is felt
that the theories and parameters required for the calculation of thermo-
dynemic properties are well established, and the resulting values are
accurate to the order of 5 percent. In contrast to the exactness of the
thermodynamic calculations, the transport properties must be calculated
from approximate theories and empirically determined parameters, because
of the absence of exact values for the basic parameters of transport prop-
erties, the collision integrals. The largest deviation i1gs expected for
the thermal conductivity due to collisions. Fortunately, the magnitude
of this component of thermal conductivity is negligible except at tempera-
tures and pressures where double ionization ocecurs. It is estimated that
transport properties are predicted within 30 percent.

A comparison was made of thermodynamic and transport properties
between air and nitrogen in the region of double ionization. The magni-
tudes of the air and nitrogen properties which are dependent on €, the
fraction of particles which have become doubly ionized, lie within b per-
cent of one another. In contrast, the Be/aT dependent properties were
similar in the peak region only, and were markedly different for points
off the peak. However, sufficient comparative air data are included so
that off-peak air properties can be determined by interpolation.
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The calculated thermodynamic properties of nitrogen were utilized
to determine the state variables, pressure, temperature, density, and
enthalpy, behind incident and reflected shock waves. These shock prop-
erties were applied to the experimental determination of the interface
temperature rise and the integral of thermal conductivity. The experi-
mental temperature rise and integral were then compared to the calculated
values. The agreement was good. However, a close correlation is a
necessary but not sufficient criterion that the coefficient of thermal
conductivity and the thermodynamic properties have been accurately pre-
dicted. The close correlation does indicate that the predicted coeffi-
cients of thermal conductivity and thermodynamic properties may have
suitable accuracy for many engineering needs, up to the limits of the
test (6000° K).

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Mar. 22, 1962
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APPENDIX A
SHOCK RELATIONS FOR AN IDEAL GAS

1. Incident shock

_en?® - (v - 1)
Y + 1

o (y + )M
21 (y - 1)M® + 2

Toy = le/PZl
hz1 = Pa1/0y,

2. Reflected shock

_ (@ +2)P21“ 1
CL+P21

(1 + aPy,)

P
32 (@ + P32)

Tsz = Psa/Pg,
haz = Paz/pg,

where
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TABLE II.- EQUILIBRIUM MOL FRACTIONS AND THEIR DERIVATIVES

Case Y - dissociation

Case II - single ionization

Case III - double ionization
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TABLE ITI.- THERMODYNAMIC PROPERTIES OF NITROGEN
(a) Compressibility, Z

Pressure, atmospheres

T, K |6.0001 [0.0005 | 0,001 0,005 | 0,01 0,05 0.1 0.5 1 S 10 S0 100 500 1000

293 | 1.000 | 1.000 | 1.000.! 1.000 | 1,000 | 2.000 | 1,000 | 1,000 | 1,000 | 1,000 | 1,000 | 1.000 | 1.000 1,000 | 1,000
500 | 1.000 | 1,000 | 1.000 | 1.000 | 1,000 | 1.000 | 1.000 | 1,000 | 1,000 | 1,000 | 1.000 | 1.000 | 1.000 | 1,000 | 1.000
1000 | 1,000 | 1.000 | 1,000 | 1,000 | 1,000 { 1.000 | 1,000 | 1,000 | 1,000 "1000 | 1,000 | 1,000 | 1,000 | 1,000 | 1.000
1500 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1,000 | 1,000 | 1,000 | 1,000 | 1,000 | 1.000 | 1.000 1,000
2000 | 1.000 | 1.000 | 1,000 | 1.000 | 1.000 | 1,000 | 1.000 | 1,000 | 1.000 | 1.000 | 1,000 | 1,000 | 1.000 | 1.000 | 1.000
2500 | 1.000 | 1,000 | 1,000 | 1,000 | 1.000 | 1.000 | 1.000 | 1,000 | 2,000 | 1,000 i 1,000 | 1,000 ; 1.000 | 1,000 1,000
3000 | 2.001 | 1,000 | 1,000 | 1,000 | 1,000 | 1.000 | 1,000 | 1,000 | 1,000 | 1,000 | 1.000 | 1.000 ; 1,000 1,000 | 1,000
3800 {1.011 | 1.005 | 1,004 | 1.002 | 1,001 | 1,001 | 1.000 | 1,000 | 1,000 | 1,000 | 1.000 | 1,000 | 1.000 | 1,000 1.000
wooo | 1.090 | 1,040 | 1,028 | 1,013 | 1,009 | 1,004 | 1,003 | 1,001 | 1,001 | 1,000 | 1,000 | 1.000 ; 1.000 | 1,000 1.000
Lsoo | 1416 | 1.200 | 1.143 | 1.065 | 1.046 | 1,020 | 1.014 | 1,006 | 1,005 | 1,002 | 1,001 1.001 | 1,000 | 1,000 | 1,000
5000 | 1.861 | 1.603 | 1471 | 1.232 | 1.166 | 1,075 | 1,053 | 1,02k | 1,017 | 1.008 : 1.005 | 1,002 | 1,002 1,001 | 1,001
5500 | 1,983 | 1.912 | 1.843 | 1,573 | 1.LL3 | 1,216 | 1,154 ; 1,070 | 1.0k9 | 1,022 1,016 | 1,007 | 1,005 | 1.002 | 1,002
6000 | 2,007 | 1.988 | 1.971 | 1,866 | 1,773 | 1.k78 | 1.359 | 1.169 | 1,121 | 1,05k & L.038 | 1.017 | 1.012 1,005 | 1,004
6500 | 2.031 | 2,011 | 2,003 | _1.970 | 1.937 | 1,761 | 1.638 | 1,347 | 1,253 | 1116 | 1,082 | 1.037 1,026 | 1,012 | 1.008
7000 | 2.088 | 2,039 | 2.026 | 2,003 |_1.990 | 1,919 | 1.851 | 1,584 | 1,L53 | 1.222 1.159 | 1.072 | 1,051 | 1,023 | 1,016

7500 | 2,214 | 2,096 | 2,067 | 2,027 | 2,015 | 1,980 | 1.951 | 1,791 | 1.673 | 1,376 ; 1.276 : 1,127 | 1.090 1,0k1 | 1,029

8000 | 2,456 | 2,208 | 2,148 | 2.065 | 2,065 | 2,010 | 1,994 | 1,912 | 1.839 | 1,562 | 1L..33 | 1.210 | 1,150 1,068 | 1,048

8500 | 2.8L7 | 2.h09 | 2.292 | 2,131 | 2,092 | 2,037 | 2.021 | 1972 | 1.531 ; .73k | 1,605 | 1.321 1.233 | 1,106 | 1,075

9000 | 3,309 | 2.722 | 2,528 | 2,203 | 2,172 | 2,075 | 2,051 | 2.006 | 1.981 | 1.857 | 1756 | 1L.LSS | 1.3L0 1,159 | 1.113

9500 | 3.666 | 3,117 | 2.860 | 2,117 | 2.298 | 2.133 | 2,093 | 2,033 | 2.012 | 1.932 | 1,86k | 1.597 1,465 | 1,228 | 1,163
10,000 | 3.855 | 3,487 { 3.236 | 2,663 { 2,82 } 2,220 2,186 | 2,066 | 2,0h0 y 1.978 4 1.933 4 1.725 | 1.5%h { 1.312 § 1.226
11,000 | 3.972 | 3.872 | 3.765 | 3.286 | 3,021 | 2,513 | 2,369 | 2.166 | 2,116 | 2,039 | 2.010 | 1,898 1,808 | 1,513 | 1.388
12,000 | 3.95L | 3.96B | 3,937 | 3.735 | 3.55L | 2.966 | 2.727 2.343 | 2,24k | 2,105 | 2,068 | 1,986 | 1.93L | 1.709 | 1.576
13,000 | 3,999 | 3.991 | 3,982 | 3.912 3,835 | 3,435 | 3.177 | 2.619 | 2.hk8 | 2,203 | 2,141 | 2,0k 2,005 | 1,85k | 1,744
10,000 | 4,007 | 3,998 | 3.99L | 3.969 | 3.939 | 3.741 | 3,562 | 2,976 | 2,735 | 2.3W7 2,246 | 2,202 | 2,059 |_1.9u6 | 1.867
15,000 | k.0L6 | b.00B | 4,002 | 3.989 | 3,976 | 3.886 | 3.789 | 3,33k | 3.070 | 2.545 | 2.392 | 2.173 2,116 | 2,008 | 1,950
16,000 | 4.201 | b.OLS | 4,022 | 3,999 | 3.952 | 3.948 | 3.900 3,611 | 3.385 | 2,789 | 2,581 | 2,266 | 2,186 | 2,058 | 2.008
17,000 | b.Sok | 4,268 | L.089 | 4,016 | L.ook | 3.977 | 3.951 | 3.783 | 3.62L 3,056 | 2,805 { 2,384 | 2,272 | 2,108 | 2,056
18,000 | 5.157 | L.h66 | L.272 | L.063 | h.o30 | 3.99h | 3.977 | 3.880 | 3,778 | 3.310 | 3.0L5 | 2.528 | 2.379 2,163 | 2,103
19,000 | 5.60k | h.93h | L.629 | L.181 | L,095 | L.013 | 3.996 | 3.933 | 3.869 | 3.520 | 3.27h 2,693 | 2,505 | 2,226 | 2,152
20,000 | 5.93k | 5.395 | S.090 | L.h19 | h.2h1 | h.0S2 | h.020 | 3.965 | 3.923-] 3.676 | 3.L70 | 2.872 2,648 | 2,299 | 2,207
21,000 | 5,931 | 5.702 | 5,189 | L.778 | L.500 | L.131 | L.065-| 3.989 | 3.957 3,783 | 3.623 | 3.08L | 2,803 | 2,382 | 2,269
22,000 | 5,970 | 5.959 | 5.7k | 5,170 | L.851 | L.279 | L,152 | h.018 | 3.985 | 3.856 3,735 | 3,228 | 2,963 | 2,476 | 2.339
23,000 | 5.986 | 5.933 | 5.871 | 5.501 | 5.216 | L.S11 | h.301 | k062 | k016 | 3.906 | 3.815 | 3.383 | 3.120 2,578 | 2.L15
2h,000 | 5.993 | 5.967 | 5.935 | 5.719 | 5.512 | L.8o7 k.522 | L.135 | L.060 | 3.9LS | 3.873 | 3.515 | 3.267 | 2.686 | 2.L99
25,000 | 5.997 | 5.983 | 5.966 | 5.8U3 | 5.713 | 5.119 | L.797 | L.250 | h.1%5 | 3.980 3.918 | 3.622 | 3,397 | 2.799 | 2.588
26,000 | 5.998 | 5,991 | §.982 | 5.913 | $.833 | S.39h | 5,087 | Lhik | b33 | k019 | 3.957 ; 3.709 3,511 | 2,91k | 2.683
27,000 | $.999 | 5.995 | 5.990 | 5.950 | 5.903 | 5.602 | 5.348 | L.62h | 4,379 14,069 | 3.996 | 3,778 | 3,606 | 3.026 | 2,778
28,000 | 5,999 | 5.997 | S.99L | 5.971 . S.9k2 | S.7h5 | 5.55k | 4,861 4.6k | L.138 | L.oh3 | 3.835 | 3.685 | 3.135 | 2.875
29,000 | 6,000 | 5.998 | 5.996 | 5.982 | 5.965 | 5.838 | 5.703 | 5.099 | L.777 | 4231 | L1203 | 3.863 3,752 | 3.237 | 2,971
30,000 | 6,000 | 5.999 | 5.998 | 5.989 | 5.978 [ 5.896 5,803 | 5,315 | L.998 | L.351 | L.181 { 3,530 | 3.809 | 3,332 | 3.06L
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TABLE ITI.- THERMODYNAMIC PROPERTIES OF NITROGEN - Continued

(b) Energy, ZE/RT

Pressure, atmospheres

T, % |o.0001 |0.0005 | 0.000 | 0.005 | c.01 0.05 0.1 0.5 1 5 10 50 100 500 1,000

293 2.50 2.5 2.50 2.50 2.50 2.5 2.50 2.50 2.50 2.5 2.50 2.50 2.5 2.50 2.5

500 2.51 2.5 2.51 2.51 2.51 2.5 2.51 2.51 2.51 2.51 2.5 2.51 2.51 2.51 2.51
1,000 2.62 2.62 2.62 2.62 2.62 2.62 2.62 2.62 2.62 2.62 2.62 2.6z 2.62 2.62 2.62
1,500 2.76 2.76 2.76 2.76 2.76 2.76 2.76 2,76 2.7 2.76 2.76 2.76 2.76 2.76 2.76
2,000 2.88 2.88 2,88 2.88 2.88 2.88 2.88 2.88 2.88 2.88 2.88 2.88 2.88 2.88 2.88
2,500 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.97
3,000 3.07 3.05 3.05 3.0 3.04 3.04 3.08 3.04 3.04 3.0k 3,04 3.0k 3.0k 3.08 3.0k
3,500 3.46 3.26 3.21 3.15 3.13 3.1 3.11 3.10 3.10 3.10 3.10 3.09 3.09 3.09 3.69
4,000 5.66 h.27 3.9 3.5 3.39 3.25 3.22 3.17 3.16 3.15 3.1% 3.14 3.1b 3.1k 3.1k
k500 | 13.59 8.19 6.76 4.75 k.32 3.68 3.53 3.33 3.29 3.22 3.21 3.19 3.18 3.18 3.17
5,000 22.62 16.79 13.82 8.4 6.95 k.90 k.40 3.7h 3.58 3.37 3.3 3.25 3.24 3.22 3.21
5,500 23.41 21.95 20.53 1h.99 12.32 7.65 6.39 k.66 - 3.68 3.55 3.37 3,33 3.27 3.26
6,000 22.32 21.90 21.57 19.58 17.83 | 12.26 10.02 6.4b 5.52 y,271 3.97 3.57 347 3.35 3.3
6,500 21.60 21.0k 20.85 20.22 19.65 16.57 1b.h2 9.33 T.69 5.3 k.70 3.9 3.72 3.57 3.4
7,000 21.84 20.57 20.25 16.70 19.k5 18.26 17.16 12.80 10.67 6.89 5.87 L.hsg §.11 3.65 3.5
7,500 23.69 20,88 20.20 19.25 18.97 1B.71 17.85 15.40 13.60 9.0% 7.51 5.2 L.67 3.9 3.73
8,000 § 27,96 | 22.b0 | 22.08 | 19.20 | 18.7% | 17.99 | 17.69 | 16,47 | 15 | 1.k 9.55 6.33 5.47 4,28 3.9
8,500 %.89 25.64 23.17 19.77 18.9% 17.78 174k 16.63 16.06 13.3% 11.59 7.70 6.5 .77 %.35
9,000 42,52 30.77 26.89 21.19 19.77 17.84 17.35 16.50 16.12 1b.47 13.16 9.25 T.76 5.40 4.80
9,500 47,39 36.97 32.08 23.66 21.ho 18.28 17.52 16.40 16.02 1k.92 14,06 10.74 9.10 6.16 5.3%
0,000 | 43.76 | 2,30 | 37.%6 | 27.21 | 23.9% | 19.81 | 318.0k | 16.41 | 15,97 ;1 15.00 | 1ik.45 | L1.96 | 10.ko 7.05 6.03
1,000 | 46.85 | b5.19 | b3.43 | 35.53 | 31.16 | 22.79 | 20.k1 | 17.06 | 16.24 | 15.00 | 1k.56 | 13.22 | 12.23 8.98 7.62
12,000 | 3.82 | b3.B3 | 42.97 | 39.90 | 37.15 | 8.2k | 24.61 | 18.79 | 17.28 | 15.18 | k.61 | 13.51 | 12.93 | 10.62 9.25
13,000 k.05 bo.92 %0.79 39.82 38.73 33.11 29.50 21.65 19.25 15.80 14,93 13.59 13.12 11.5% 10.50
14,000 3B.79 h_3§:§9 B.53 38.19 37.80 35.20 32.86 25.18 22.03 16.95 15.63 13.7% 13.20 11.96 11.22
15,000 37.59 3%.68 3.5 36.3% 3%.18 35.08 33.89 28.31 25.07 18.62 16.74 14.06 13.36 12.12 11.55
16,000 39.20 35.6h 35.12 _3!4@; 7 3h,_53_ 3h.02 33.46 ».12 27.52 20.64 18.273 1k.60 13.67 12.23 11.71
17,000 | 45.79 | 3.60 *.89 33.33 33.09 | 32.73 | 3R.45 30.62 | 28.88 | 22.69 | 19.95 15.37 .15 | 12,3 11.82
18,000 55.18 Lk1.06 37.10 32.81 32.14 .48 31.30 30.28 29.23 2 ko 21.67 16,32 14.78 12,56 11.9%
19,000 61.h4 8.0 b2,46 33.75 32.08 .50 0.23 29.57 28,9k 25.52 23.11 17.k1 15.56 12.83 12.11
20,000 63.11 54.98 9.3 3%.85 33.5% 30.02 29.45 28.74 23.3% 26.03 2h.12 18.53 16,44 13.18 12.33
21,000 | 62.% | 58.23 | sSk.b5 | 41.82 ¢ $.88 | .3 | 29.17 | 27.96 | 27.63 | 26.08 | 2%.65 | 19.59 | 17.% | 13.61 | 12.60
22,000 60.60 58.72 56.68 | k7.0 Li.sh .81 29.63 27.%0 26.97 25.83 24.80 20.49 | 1B.24 14,10 12.93
23,000 58.68 57.81 56.80 50.7Th L6.08 k.53 3.131 27.20 26.50 25.h2 2,68 21.17 19.03 14,62 13.%
24,000 56.79 56.37 55.87 52.44 kg.21 38.09 33.61 27.51 26.35 24,98 2 .40 21.61 19.68 15.16 13.71
25,000 sk.99 .79 sk.53 52.67 50.68 41.66 36.77 28.45 26.62 24.59 24,06 21.84 20.17 15.70 1h4.13
26,000 53.31 53.21 53.07 52.06 50.90 by iy 39.9% .07 27.51 24,37 23.7% 21.50 20.k9 | 16.21 1b.55
27,000 51.75 51.70 51.62 51.06 50.39 k6,12 k2.5 32.23 28.76 2i.%0 23.52 21.85 20.66 16.68 14.97
28,000 50.30 50.27 50.23 4g.01 49,52 L6.80 45.18 .64 .57 2.7 23.49 21.72 20.72 17.08 15.36
29,000 48.95 48,93 58,91 18,72 48.4g L5.79 k.99 36.94 32.64 25.3% 23.69 21.57 20,70 17.42 15.72
30,000 1,69 47.68 b7.66 47.55 b7.h1 L5, 3 45,14 38.83 k.72 26. 3% 24.15 21.45 20.64 17.69 16.05




TABLE III.- THERMODYNAMIC PROPERTIES OF NITROGEN - Continued
(¢) Enthalpy, ZH/RT

43

Pressure, atmospheres

T, % |o.0001 |0.0005 {0.001 | 0.005 0.01 0.05 0.1 0.5 1 5 10 50 100 500 | 1,000
293 3.50 3.5 3.50 3.5 3.50 3.5 3.5 3.50 3.5 3.5 3.5 3.50 3.50 3.5 3.5
500 3.51 3.51 3.5 3.5 3.50 3.51 3.5 3.51 3.3 3.5 .5 3.51 3.51 3.51 3.5
1,000 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62
1,500 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76
2,000 3,88 3.88 3.88 3.88 3.88 3.88 3.88 3.88 3.88 3.88 3.88 3.88 3.88 3.88 3.88
2,%0 .97 3.97 3.97 3.97 .97 3.97 3.97 .9 3.97 3.97 3.97 3.97 3.97 3.97 3.97
3,000 4,07 4.05 k.05 L.ok L0l 4.0k .ok L.ok .0k L.ob L.04 4.0k 4.0k L,0k 4.0k
3,500 L.y 4,26 .21 4,15 4,23 4,11 ka1 4.10 k.10 k.10 k.10 k.0 k.10 k.10 L.10
4,000 6.75 5.3 L.,97 L,51 h.ko L.25 4,22 b7 L.16 4,15 L.k L1k 41k | 1Y k.14
4,500 15.01 9.39 T7.90 5.85 5.36 L. 70 4,55 Y, L.29 y.22 h.21 L,19 .18 %18 k.17
5,000 2k ,48 18.%0 15.29 9.67 8.12 5.97 5.46 4,76 .60 4.38 &.33 k.26 k.24 4,22 k.21
5,500 25.39 23.87 22.38 16.56 13.76 8.871 7.55 5.73 5.29 k.70 4,56 h.37 4.33 4,27 L.26
6,000 24,32 23.88 23.5% 21.45 19.60 13.74 1.3 T.61 6.6k 5.32 5.01 4.59 h.ho L.35 b,32
6,500 23.63 23.05 22.86 22,19 | 21.58 18.33 16.06 10.68 8.94 6.41 5.79 L.95 4,75 4,48 L.h2
7,000 23.93 22.61 22.28 21,70 21.4% 20.18 19.01 1h.39 12.12 8.11 7.02 5.52 5.16. 4.67 b.56
7,500 25.91 22.97 22.27 21.27 20.99 20.29 19.80 17.19 15.27 10.43 8.79 6.37 577 %.9% k.76
8,000 30.42 24,61 23,19 | 21.26 20,78 | 20.00 19.69 | 18.39 | 17.2% | 12,97 | 10.98 7.54 6,62 5.35 5.0l
8,500 37.73 28.05 25.46 21.90 21.04 19.82 19.47 18.60 17.99 15.08 13.15 9.02 7.73 5.88 s.k2
9,000 %5.83 33.50 29.L2 23.143 21.95 19.92 19.ho 18.51 18.10 16.33 14,91 10.70 9.08 6.56 5.91
9,50 51.05 40,08 3h.9h 26.08 23.70 20.k2 19.61 18.43 18.04 16.85 15.93 12.34 10.5 T.39 6.52
10,000 52,61 45.58 4o.80 29.87 26.h2 21.43 20.20 18.48 18.01 16.99 16.38 13.68 | 12.00 8.36 7.25
11,000 50.82 45.06 k7.20 ¥.51 3%.18 25.30 22,78 19.23 18.35 _17:63 16.57 15.12 1k.ob 10.50 9.01
12,000 h1.82 k7.%0 46,51 k3.64 Lo.70 31.20 27.33 21.13 19.53 17.28 16.68 15.50 14.87 12.33 10.82
13,000 45,05 Ly .92 54,78 43.73 k2,56 36.55 32.67 24,27 21.70 18.00 17.07 15.63 15.11 13.42 12.25
14,000 L2.80 L2.58 hz.si_ 42,16 L1.7h PB.o 36.42 28,16 24,76 19.0 17.87 15,84 15.26 13.91 13.09
15,000 41,64 %0.69 ko:sh 40,33 | b0.16 38.96 37.68 31.64 28.1k 21.16 15.14 16.24 15.48 1h4.13 13.50
16,000 43.L0 39.68 39.1k _3163 3B.52 37.97 37.% 33.73 .91 23.k3 20.81 16.87 15.86 14.29 13.71
17,000 50.39 | bO.T7 38.98 37.35 37.10 36.70 36.ho .40 3P2.51 | 25.75 | 22.76 | 17.75 1642 | 14.b7 | 13.87
18,000 0.3 45.53 81,37 36.87 36.17 35.48 35.27 *.16 33.01 27.71 2471 18.85 17.16 1k.72 14.05
19,000 &7.04 53. 34 k7.09 37.93 36.18 .52 Hh.22 33.50 32.81 29.04 26,39 20.10 18.07 15,06 1k.26
20,000 68.95 | 60.37 sk.39 n.27 37.78 .07 33.47 32.70 .26 29.71 27.59 21.k1 15.09 15.48 1h.54
21,000 68.23 63.93 59.9% 46.60 .38 b7 33.23 31.95 31.59 29.86 28,28 22,65 20.16 15.99 14.87
22,000 | 66.57 | 6h.57 | 62.k2 | se.2l | k6o %.09 | 33.79 | ;41 | 20.96 | 29.68 | 8.5 | 23.72 | A.20 16.57 | 15.27
23,000 64,67 63.7h 62.67 56.24 51.29 39.04 35.41 .26 .52 29.33 28.50 2k,55 22.15 17.20 15.72
24,000 62,78 62,34 61.81 58.16 sh,72 | 2.0 38.13 .64 P4 28.92 28.28 25.12 22.95 17.85 6.2
25,000 60,99 60.77 60.50 58.51 56.39 36.78 41.57 32,70 .75 28.57 27.98 25.46 23.56 18.50 16.72
26,000 59.31 59.20 59.06 57.97 56.73 | b9.83 | 45.03 k] n.65 | 28.39 | 27.69 | 25.61 24,00 | 19.13 ; 17.23
27,000 | 57.75 | 57.69 | 57.61 | sT.00 | 56.29 | 51.72 w7.86 | 36.86 | 3316 | 28.46 | 27.52 | 25.63 | k.27 | 19.70 17.7%
28,000 | 56.30 | 56.27 s6.22 | 55.88 | s55.46 | 52,55 | 49.73 | 39.50 | 35.13 28.85 | 27.53 | 25.56 | e.b1 | 0.2 | 18.24
29,000 %.95 54.93 54,90 sk, 70 sh.bs 52,63 50.69 | 2.0k 37.b2 29.59 21.79 25.h6 24 .06 20.65 18.69
30,000 53.69 53.68 53.67 53.54 53.39 52.24 50.95 | B4.1k 39.72 .69 28.33 25.38 2k.Ls 21.02 19.11
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TARIE ITT.- THERMODYNAMIC PROPERTIES OF NITROGEN - Continued
(a) Entropy, ZS/R
. o Pressure, atmospheres

1, % fo0.0000 |0.0005 | c.001 o.éoisr 0,01 0.05 0.1 0.5 1 5 10 50 200 500 | 1000

293 3.2 0.6 29.9 28.3 27.6 26.0 25.3 23.7 23.0 21.3 20.7 15.0 18.4 16.7 16.0

500 k. 2.5 3.8 .1 29.h 27.8 7.1 25.5 2.8 23.2 | 22.5 2.9 20.2 18.6 19.3
1,000 36.6 35.0 .3 2.7 2.0 0.4 29.7 28.1 27.% 25.6 25.1 23.5 22.8 21.2 20.5
1,500 #8.3 36.7 3.0 3k.3 33.7 32.0 3.k 29.7 29.0 | 27.% | 26.7 25.1 244 22,8 | 22.1
2,000 39.5 37.9 37.2 35.6 *.9 33.3 32.6 31.0 0.3 28.7 27.9 264 25.7 2h,1 23.h
2,50 Lok 8.8 PB.1 3%.5 35.8 .2 33.5 3.9 .2 29.6 28.9 27.3 26.6 25.0 2.3
3,000 k1.3 3.6 8.9 37.3 36.6 35.0 *.3 32.7 32.0 0.4 29.7 28.1 27.4 25.8 25.1
3,500 42.3 %0.5 39.7 B 37.4% 35.7 35.0 33.4 32.7 3.1 .4 28.8 | 28.1 26.5 | 25.8
4,000 45.3 ko.2 b1.1 9.0 3B.2 36.4 35.7 3.0 33.3 n.7 31.0 29.4 28.7 27.1 26.%
4, 500 4.8 7.1 LL.8 4o.9 39.7 37.4 36.5 .7 3.0 32.3 3.6 29.9 29.2 21.6 26.9
5,000 66k 57.5 53.3 45.5 L3.2 39.2 38.0 35.6 *.7 32.9 32.1 30.4 29.7 28.1 27.%
5,500 69.7 65.0 62.2 53.7 59.8 2.8 ho.7 37.1 35.9 33.6 32.8 3.0 0.2 28.6 27.9
6,000 70.8 67.1 65.4 60.2 57.1 48.6 45.3 9.5 37.8 #.7 33.6 31.6 .8 29.1 28.3
6,500 2.0 68.2 £6.6 62.7 60.8 sh.5 51.1 43.3 k0.7 3¥%.2 .8 3.3 3.5 29.5 28.7
7,000 Th.l 69.4 | 67.7 63.9 62.2 57.8° 55.3 47.9 4.6 B.5 | ¥.6 33.3 2.2 30.0 29.2
7,500 17.8 .4 69.2 6.9 63.2 59.3 57.5 51.8 48.7 L1k 8.9 3.5 33.2 30.6 29.7
8,000 84.1 73.1 1.6 66.3 o4 .h 60.3 58.6 sh.2 51.7 4.7 h1.7 36.1 P b 3.4 .3
8,500 93.4 79.6 75.3 68.2 65.9 61.% 55.6 55.% 53.5 7.7 b6 3B.1 36.0 3.2 31.0
9,000 | 103.9 86.8 | 8.9 T1.1 68.1 62.6 60.7 56.5 54,7 | b9.8 | b7.2 | koub 37.8 | 33.3 31.8
9,50 | 111.8 95.3 | 88.1 75.0 71.0 64,2 61.9 57.4 55.6 s1.2 | hug.0 | k2.6 39.8 H.5 32.8
10,000 | 116.0 | 103.0 { 95.% 80.3 75.0 66.3 63.5 58.4 6.5 | s2.2 | 5.3 6| k1.B] 358 ! 33.9
11,000 119.2 111.1 | 106.6 92.5 85.7 T2.% 68.1 61.0 8.6 53.9 52.0 L7.4 L5.1 3B.9 %4
12,000 120.5 113.6 | 110.4 100.9 95.5 80.7 4.9 8l .6 61.4 55.7 53.6 _h_9.17 k7.2 51.7 39.1
13,000 121.4 nk.9 § 112.0 104.5 100.7 85.8 82.6 69.6 65.2 57.8 55.4 50.5 8.6 43.8 k1.4
14,000 122.4% 115.8 | 112.9 106.2 103.0 oi.o 88.9 75.% T0.0 60.5 57.5 51.9 k9.9 bs5.3 k3.2
15,000 124.2 _116.7 113.8 107.2 04,2 9%6.7 92.8 80.9 75.2 63.8 60.0 53.5 51.2 6.5 .5
16,000 128.7 118.3 § 115.0 108.0 105.1 8.2 9.9 85,2 79.9 67.5 63.0 55.2 52.6 | 47.6 L5.6
17,000 138.5 121.8 | 117.2 ibg.o 106.0 99.2 96.1 87.9 83.L 1.3 66.3 57.1 54,1 8.7 b5.6
18,000 151.6 129.0 | 121.9 110.7 107.2 100.0 97.1 89.6 85.8 .7 69.6 59.2 55.9 49.8 47.6
19,000 161.7 139.5 | 130.0 113.8 109.1 10:.0 97.9 2.8 87.4 7.6 72.6 61.5 57T 50.9 k8.6
20,000 167.1 149.5 | 139.9 119.1 112.6 102.3 98.9 91.7 88.5 19.8 75.2 63.9 59.7 52.1 kg 6
21,000 169.8 156.1 | 14B.2 126.6 118.2 104.3 100.3 92.5 85.% 81.h4 1.3 66.2 61.7 53.% 50.7
22,000 171.3 159.7 { 153.5 13k.5 125.2 107.6 102.% 93.h 90.2 82.6 78.8 68,4 63.7 Sh.7 51.8
23,000 172.3 161.7 | 156.6 1bo.9 132.3 112.2 105.5 ob.7 91.1 83.6 8.1 70.3 68.6 56.1 52.9
24,000 173.1 163.0 | 158.4 5.3 | 138.0 117.8 109.8 96.L4 92.3 8i.h 81.0 71.9 674 57.5 4.1
25,000 173.8 16L,0 | 159.6 18,0 1b1.9 123.5 11k.9 98.8 93.9 8s.2 81.9 73.3 69.0 8.9 55.3
26,000 174.5 16k.8 | 160.5 149.8 144 .5 128.5 120.0 101.9 96.1 86.1 82.7 h.5 70.3 60.3 56.L
27,000 175.2 165.4 | 161.2 151.0 1k6.2 132.3 | 1246 105.6 98.8 87.3 | 83.5 75.4 1.5 61.6 57.6
28,000 175.8 166.1 | 161.9 | 151.9 1h7.4 135.0 128.3 109.6 102.0 88,7 | 84.6 76.3 72.5 62.8 58.8
29,000 176.5 166.7 | 162.5 152.7 148.3 136.9 131.0 113.6 105.6 9.5 | 85.8 77.0 73.4 &0 60.0
0,000 | 177.0 167.3 | 163.1 153.% 1k9.1 139.3 | 133.0 | 117.2 | 109.2 | 2.6 | 87.3} 77.8 | 7h.2 | 65.0] 60.9




TABIE III.- THERMODYNAMIC PROPERTIES OF NITROGEN - Continued

(e) Dimensionless specific heat at constant density, ZcV/R

Pressure, Atmocpheres

0.0¢5

7, %k Jo.o001 [6.cc05 0.0C1 0.01 0.05 0.1 e.5 1.0 5 1o 50 100 500 1000
293 2.5 2.5 2.50 2.50 2.50 2.5 2.5 2.50 2.50 2.50 2.5 2.5 2.5 2.50 2.5
500 2.55 2,55 2,55 2.5% 2.55 2.55 2.55 2.55 2.55 2.5% 2.55 2.55 2,55 2.55 2.55

1,000 2.92 2.92 2,92 2.92 2.92 2.92 2.92 2.92 2.2 2.92 2.92 2.02 2,92 2,92 2.02

1,500 3.17 3.17 3.17 3.17 3.17 3.7 3.17 3.17 3.17 3.17 3.17 3.17 3.17 3.17 3.7

2,000 3.28 3.29 3.29 3.29 3.29 3.29 3.29 3.29 3.29 3.29 3.2 3. 3.2 .29 3.29

2,50 3.8 3.37 3.37 3.3% 3.3 3.3 3.36 3.3 3.3% 3.3% 3.3 3.3 3.3% 3.3% 3.3

3,000 3,90 3.62 3.56 3.47 3,45 3.2 3.42 3L 341 3.ho 3.40 3.bo 360 3.bo 3.hC

3.500 9.23 6,03 5.27 k.25 b.or 3.69 3.6 3.5 3.48 345 3.4k 3.3 3.L3 3.43 3.43

3,750 18,56 .27 8.28 5.61 b.g7 b,12 3.92 3.85 3.59 3.50 3.6 3.45 3.hs 3.b% ERTY

k000 37,41 19.1¢ 1k,59 8,47 7.00 5.0 5,57 3.95 3.8 3.60 3.56 3.bg kR 3.L6 3.5

k250 68.15 35.11 26.2% 13.87 10.85 6.78 5.81 L.51 b.20 3.78 3.69 3.56 3,52 3.L8 3.4

&, 500 9.72 59.3% uh,92 23.04 17.43 9.51 7.9 5.48 1,89 Lo 3.91 3.66 3.60 3.52 350

b0 | o6.n | sh9s | 6882 7 .93 | errs | ws6 | 1k | 7,06 6.00 | h.bo | k. 3.52 3.72 3.57 3.54

5,000 57,12 075 85.,k5 54,81 k1,99 21.80 16,66 G.HT T.72 5.38 L.82 5,07 3.89 3.66 3.00

5,250 25.20 65,57 79.55 T1.43 58.27 .59 23.97 | 12.83 10.21 G5 5.62 443 4.15 377 3.68

5,500 1.2 3490 52,02 75.95 704k 43,53 33,38 | 17.66 13.63 8.08 6.74 L% b, 51 3.9 380

5,7 6.80 16.87 27.5% 52.28 59,75 551k 43.96 23,72 18,10 10.19 8.25 5.62 5.00 k.16 3.96

6,000 T.66 2.03 1,06 (TR L] .81 52,09 53.58 30,9 23.64 12,50 | 10.20 6.52 5.63 5.00 4,16

6,25 11.09 7.15 8,35 23.2h 35.71 59.89 58.55 1 38.58 .04 | 16.25 | 12.64 7.65 6.1y 5.58 b.k2

5,500 16.10 8.9 7.5 13.29 21,22 58,84 55.7% | L5.64 3%.75 | 20,23 | 15.60 9.05 7.0 5,26 5,7

6,750 | 23.11 12.39 9.52 8.7h 12,74 LR b5.91 Lg.88 2,71 .73 | 19.05 10.74 8.66 7.16 5.1k

7,000 32.79 i7.12 13.14 8,00 8.81 22,77 33,58 Lo, 61 46,48 20,7 22,90 12.72 1.01 6,49 5.A1

7,250 55,75 23.35 17,76 9.73 8,24 14,78 22,90 LY ,53 h3.71 301 23,95 1k.99 11.77 9.4 6.17

7,50 62.b0 .48 23.71 12.71 9.88 10.30 15.39 BB $3.00 7. 0.9 17.51 13.66 8.17 6.82

7,750 82.60 41,8k .29 16.49 12.66 8.67 10.91 27.60 6.4 39.83 ».29 20.21 15.75 9.21 7.57

8,000 | 105.20 54,60 Lo.75 21.13 16.15 3.13 8.9 | 20.15 28.84 | .79 | ¥%.60 | 23.00 | 18.00 | 10.% 8.4o

8,250 | 127.35 69.67 52.18 26.78 20.% 11.04 9.0 | 14.66 2.87 | 3747 | 3735 | 25.72 | 0.3 | n.63 G.34

8,500 | akk.ak 86,41 65.49 13.58 25.% 13.58 10,56 | 11.17 16.35 | 33.%0 | 36.29 | 28,15 | 22.68 | 13.01 | 10.3%

8,750 | 1o.7% | 103.44 80.17 k1,61 .0 16.60 12.75 9.47 1248 | 28.18 | 33.55 | 30.08 | 24.88 | 1L.b3 | 11.k7

9,000 140,66 18.37 95.17 50.83 38.22 20.08 15.38 9.3%0 10.20 22.98 29.63 31.26 26.80 16.01 12.65

9,2% 119.17 128,02 108.71 61.07 546.10 .07 18.%8 10.22 9.% 18.36 25.20 3.5 28.25 17.57 13.90

9,500 9.3 | 120.39 | L8 .93 5h .84 28.61 a.77 | u.a 9.66 | 1h.&4 | 20.85 | 30.7% | 29.09 | 15.11 | 15.18

9,750 €7.18 { 121.29 | 121.91 82.75 6,15 33.72 25,59 | 13.77 10.76 | 11.95 | 17.02 | 29.06 | 29.21 | 20.57 | 16.47

10,000 57.38 | 105.46 | LT.T1 92.53 73.60 39.31 29.83 | 15.9%8 12,39 | 10.28 | 13.93 | 26.6 | 28.55 | 2.89 | 17.7k

10,500 23.96 6649 90.37 103.97 90,07 52.00 9.60 21.06 16.16 9.64 10,24 20.79 25.2 23.83 20,06

11,000 13.98 37.27 56.93 98,16 97.22 65,15 50,62 27.04 20.70 1n.3¥% 9.61 15.3% 20.k3 4.k3 2A.77

11,500 9.88 2.k 33.27 % 90,0k 76,23 61.71 33.88 25,90 1k.o7 10.99 11.51 15.69 23.46 22,58

12,000 a.1% 13.79 20,17 53.18 .59 B1.73 70.86 k1.35 un.7e 7.2 13.26 9.67 12.06 21.16 22.16

12,50 7.3 0.2 13.55 $.43 50,83 79.04 75.55 | 4.2 8,00 | 20.67 | 15.95 9.56 9.95 | 18.12 | .69

13,000 7.21 8.8 10.27 22,55 .26 68,72 73.89 55,69 b, 32 2 k2 18.85 10.59 9. % 15.00 18,45

13,50 8.1 7.63 8.60 15.70 23,23 .57 66,07 60,64 50,12 28.ko 21.95 12.18 .84 12,33 15.89

14,000 11.60 T.Ah3 7.7k 1n.87 16,52 10,81 .57 62,69 54,68 32.5 25.81 14,00 10.99 10.42 13.k5

14,500 18,72 8,52 1.5 9.71 12,58 29.81 82,57 | 61.22 57.23 | 36.55 | 28.57 | 15.9% | 12.4%5 9.37 | 11.k3

15,000 32,75 11.65 8.72 8.48 10.25 21.97 32,25 | 56,4k 57.23 | %0.27 | 31.93 | 17.95 | 14.03 $.10 | 10.00

16,000 k.02 | 29.11 17.99 8.21 8.1k 13.26 18,76 | b1L.8 k9,76 | b5.6k | 31.96 | 22,12 { 17.3%6 | 10.16 9.04

17,000 | 175.00 | 73.Br Ww.ee | i 9.85 9.57 12,29 ! 21.39 7.1 | 4648 | B1.87 | 26.25 | 20.77 | 1211 5.87

18,000 185.31 | 138.15 9%6.41 31.57 19.17 8.68 9.38 18,1k 25.66 k2.0 h2.35 29.9 2,08 1h,25 1.6

19,000 119.89 | 169,48 1h8,08 £5.05 39.96 12,69 9,28 12.90 17.85 #.95 39.19 32.67 27.02 16.37 13.22

20,000 60.29 | 1B.b4 155.97 108,03 7401 23.94 .47 10.16 13.13 27.16 33.%6 33.98 29,28 18,39 1k.95

21,000 .81 | 870 117.60 | 136.25 | 110.54 33.70 26.38 9.87 10.53 | 20.70 | 2r.e5 | 33.60 | 0.5 | 20.2 | 16.58

22,000 18,88 16,82 T1.85 130.97 129,45 0.7 45,35 13.86 10.20 16.00 2,62 .68 .73 21.83 18.07

23,000 1,16 [ 27.46 31,62 | 100,26 | 120.30 96.29 69.12 | 23.00 13,71 | 12.8% | 17.20 | 28.65 | 29.75 1 23.07 | 19.36

2k, 000 12.28 18,58 25.85 66,64 92,57 1046 90.98 36,72 2.81 11.12 1h.00 25.12 27.85 23.89 20.41

25,000 11,51 | 16.58 18.27 k2,55 63.5 | 107.39 | 103.02 } 5348 33.76 | L6 | 197 | 2.63 | 25.37 | &.27 | A0

26,000 1.21 12.76 1k ,66 28.% k2,15 90.65 101,23 70.15 .16 14,91 11,48 18,51 22.66 2,19 21.69

27,000 1n.1a 1.92 12,93 20.52 28,93 65.20 88,02 82,71 62.70 21,63 13.32 15.93 20.03 23.70 21,88

28,000 11.09 11,54 12.09 16.36 21.37 50,22 69,86 88,03 Th 45 X.T1 18.01' 13.96 17.64 22,88 21.80

29,000 n.af n1.¥ 11.67 1b.13 17.07 ¥.3 52,66 | 85.33 80.95 | 1.0t } 25.1 | 12,78 | 15.60 | 21,80 | 2.ké

30,000 10| 1.29 1.7 12.92 15.68 27.09 19.18 | 76.33 81,13 | 51.17 | 33.63 | 127k | 1.1 | 20.58 | .93

k5
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TABILE III.- THERMODYNAMIC PROPERTIES OF NITROGEN - Continued
pressure, Zcp/R

(f) Dimensionless specific heat at constant

Preszure, atmospheres

T, % | o.0000 | 0.0005 | o.002 0.005 0.01 .05 0.1 0.5 1 5 10 50 100 500 1000

293 3.50 3.%0 3.5 3.5 3.50 3.5 3.50 3% 3.5 3.50 3.50 3.5 3.5 % 3.5

500 3.55 3.55 3.55 3.5% 3.3% 1.55 3.55 3.55 3.55 3.5% 3.55 3.55 3.55 3.55 3.95
1,000 3.92 3.92 3.92 3.92 3.92 3.92 3.9 3.92 3.92 3.92 3.92 3.92 3.92 3.92 3.92
1,500 k.17 b.17 8,17 b,17 3,17 4.17 k.17 k.1t kat b.17 b7 L.17 ka7 317 3,17
2,000 L.2g - 5,29 4,29 4,29 h.29 k.25 k.29 k.29 .2 .29 k.29 k.2 k.29 5,29
2,500 L' 2] k.37 5,37 L.3% 4.3 k.3 k. 3% k.36 b, 3% 5.36 5.3 k.3 L% 4.3 4.%
3,000 k.93 L.64 k.57 .58 1.5 k2 Lke ['WAY AL wao | bbo | Lo | kb | w0 | a0
3,500 10.64 71.20 6.39 5.3 5.05 k.70 L.62 k.51 k.o b.45 f.lhs L3 kb3 .43 h.43
3,75% 20.89 11.80 9.65 6,717 6.08 5.17 k.96 L.67 k.60 h.51 b.he L.hé .45 PRy bk
k000 B2.43 2.60 16.59 9.88 8,29 6.16 5.66 k.99 4.83 4,61 4,56 %,50 .48 5.6 4,55
k,25 8o.07 k0.10 29.83 15.86 12.52 8.06 7.00 5.59 5.26 .81 k.70 k.56 h.53 L.48 b.47
&, 500 121.62 69.9% 52.18 26.33 15.97 1.5 9.8 6.66 6.01L 5.15 k.95 &.67 4.6 k.52 L.50
k7 117.88 103.72 82.61 2,96 32.02 16.90 13.27 8.k0 7.25 5.71 5.3 k.B5 b,Th 4,58 L.55
5,000 67.3h 111.64 106,69 65.68 b9, 56 25,32 19.27 11.11 9.16 6.57 5.95 5.13 b.93 b,67 [
5,250 20,78 8,72 9745 88.08 T0.85 37.26 27.96 15,08 11.98 7.83 6.85 5.53 5,22 &.80 k.70
5, 500 13.98 ki.29 62,20 ol LT 87.61 52,45 39.61 20,68 15.95 .62 B.11 6.10 5.62 k.98 k.83
5,750 9.08 20,43 32.75 T76.2h 86.83 68,15 53.50 28.03 21.28 12.05 9.83 £.87 £.17 5.23 5,01
6,000 9.93 1.8 17.28 48.67 67.08 .97 66,72 37.21 28.13 15,2 | 12,10 7.8 6,89 5.5% 5.2
6,2% 13,62 9.42 10.81 28.00 b3.07 75.12 73.84 47,53 ¥%.37 19.30 15.01 9.20 7.82 5.97 5.53
6,500 19.10 n.o7 9.8 16.%7 25.73 60.b2 70,1k 57.21 k5,38 .26 18,61 10.85 8.59 6.5 5.91
6,750 26.86 15.07 12.05 11.2 15.86 ¥2.35 57.0k 63.35 53.7h .07 22,94 12.87 10.k2 T7-1% 6.%
7,000 .77 20.28 15.91 10.% 1.3 27.79 k1,22 63.17 59.23 ¥ | 27.93 | 15.20 | 12.15 T.92 6.92
7,25 52.72 27.25 21.03 12.20 10.60 18.32 28.06 59.0 59.Th 82,78 | 33.39 | 18.13 | b2 8.85 1.57
7,500 T2.5% ¥.51 21.73 15.48 12.37 13.08 19.08 45,40 .73 58,13 | B.89 | 2.3 | 16.%7 9.9 8.35
1,75% 97.38 48,57 . 19.70 15.4 11.13 13.80 k. 3% L5.90 51.33 | M3.79 | H.96| 19.26 | 1.2 9.25
8,000 126.3% 63.84 (YR 24,90 19.35 11.65 n.5n 24,99 3%.03 51,45 k7.2 28,78 22.%h 12.64 10.27
8,250 155.86 82.45 61.23 EA R 1Y 24,11 13.68 1.5% 1B.3% 7.4 b5.28 48.%8 32.61 25.h2 14,26 11.h3
8,500 178,92 163.89 T7.73 39.42 £9.90 16.5% 13.16 1h.15 20.45 82.63 ¥7.11 36,16 28,70 16.05 12,73
8,75 | 186.79 | 1%.% 96,56 kg.05 %.88 19.97 15.63 12.10 15.76 35.80 | k3.3 | 3p.05| .87 | 18.00 | 1k.16
9,000 | 17h.53 | 146.96 | 116.47 60.50 45,19 23.98 18.62 11.83 13.00 23.05 | 3B.05 | 40.B9 | W.TL | 20.08 | 15.72
9,25 156,12 160.55 135.04 73.38 54 .89 £8.65 22.09 12.84 11.95 23.18 32.15 §1.39 B9 22.25 7.3
9,500 | 111.90 | 162.69 | 148.75 87.59 65.93 *.06 26.06 14.63 12.25 18,5k | 26.50 | M,k2 | B.W 24,5k | 19.16
9,750 81.01 151.79 153.88 102.18 78.06 &o.27 .5 16.88 13.67 15.22 21.62 B0 B.59 26,58 20.98
10,000 57.41 130.75 8.3 115.76 90.7h W7.30 35.75 19.46 15.25 13.16 7.7 *.78 377715 28.57 2.8
10,500 .26 81.23 112.07 132.33 13.77 63.60 47,98 25.k9 19.75 12.29 13.14 26.89 33.19 1.6 *.27
11,000 18.93 k6,01 65,94 124 .82 124 k6 81.48 62.42 3».03 25.20 1k, 95 12.29 19.77 26.65 .1 28.97
11,500 1.0 27.5k k1.bg 7.1k 115.00 97.33 T7.72 41.55 31.65 17.88 13.88 1k.88 20.37 .49 .32
12,000 12. % 18.80 26,18 66,32 50.h% 105.75 90.99 51.45 39.15 oa.27 16.60 12,52 15.66 8.9 29.94
12,500 11.88 Wm.7 18,56 k3.3 63.84 102.52 8.7 61.93 47.52 25.58 19.85 12.32 12.95 2 .08 27.93
13,000 1.8% 12.7k 1%.79 29.20 3B 88.62 96.46 Ti.T9 56.33 .41 21.k8 13.53 12.12 19.84 24,80
13,50 12,63 1.7 12.88 21.16 .13 69.88 85.93 79.% .78 35.71 § 27.48 | 1546 | 12.69 | 16.27 | 21.25
14,000 16.01 11.52 11.89 16,70 22,19 52.22 T0.55 82.85 71.73 b1.3% n.82 17.73 1k.09 13.74 17.91
1h, 50 23.78 12.68 11.67 k.20 17.57 3B.51 5h.90 f.22 75.93 ¥7.14 %6.44 20,20 15.89 2.3 15.18
15,000 39.29 16.13 12.90 12.76 14,85 28.93 Ly.81 Th.80 76,42 52.68 | k1.20 | 22.83 ] 1i7.% 11,98 | 13.26
16,000 109.93 35,k2 23.08 12.4h 12.37 18.45 25.18 54,65 66.4% £1.18 50,26 28.49 22.27 | 13.20 11.89
17,000 | 211,02 86.93 53.35 18.19 16,17 1%.10 17.38 36.35 k9.3 63.23 | $6.67 | h.uh | 26,98 | 15.68 | 12.88
18,000 | 225.52 | 166.5% | LL.T7 B.5 245 12.56 13.87 .72 kR0 57.75 | s$8.11 | ko.io | :.Bo | 18.% | 14.%0
19,000 143.85 208.21 180.98 .7 38.33 17.37 13.63 18.25 .49 b7.66 5h .0k L5.63 3%.35 21,42 17.22
20,000 73.15 | 168,86 | 192.35 | 13n.Lh 83.19 .12 19.3% 14.87 18.60 37.13 | k6,8 1 ¥7.16 | M0.22 | .33 | 19.59
21,000 39.k5 | 102,72 | 1370 | 165.11 | 135.89 53.26 33.03 .37 15.35 28.58 | 3r.6h | W75 | k257 | 2733 | 2.
22,000 25.93 58.02 87.75 | 162.99 | 161.70 86,16 55.53 18.81 1,78 2247 | .05 ] M1 | B3.3L | 29.60 | .15
23,000 20.62 35.75 52.16 123.86 150.33 119.79 B85.11 29.3 18.69 18.k0 25,20 ¥0.55 kp.08 3.84 26.20
2k ,000 18.kg 25.6 33.96 82.b1 114.96 11%.39 113.87 45,73 28,08 16.12 19.99 35.62 39.78 33,40 28.00
25,000 17.62 2.1 25.31 53.65 79.00 | 135.98 | 130.65 66,56 2.8 6.2 | 17.30 | .76 | %.3B | M0 | 29.46
26,000 17.27 19.03 a.x ¥%.98 53.31 | 1A% | 128.52 88.32 60,3 .20 | 16.47 | 26.84 | 32.53 [ 367 | 20.53
27,000 17.1h 18.07 19.22 r.97 .81 87.13 111.80 | 10%.54 9.2 38.13 | 18.47 .88 | 8.5 h.28 31.18
28,000 7.1 17.62 18.25 23.17 28,96 83.67 B88.5k 13.38 95.28 9.2 23.95 20.15 25.46 1.3 31.39
29,000 17.12 17.41 17.T1 20.61 24,02 36.87 67.03 110.22 104.66 2.2 3?.53 18.53 22.63 n.9% 3.19
30,000 17.15 17.3 17.53 19.21 21.26 35.89 50. 5% 98.49 | 105.h2 65.59 | %3.18 | 18.12 | 20.43 [ .20 | .63




TARIE III.- THERMODYNAMIC PROPERTIES OF NITROGEN - Concluded

(g) Dimensionless speed of sound, azp/p

e S AT TS

Pressure, atmospheres

r, % | 0.co01 | 0.0005 | ©0.001 | 0.005 0.01 0,05 0.1 0.5 1.0 5 10 50 100 500 | 1,0b0
293 | 1.h00 | 1800 | 1,800 | 1.koo | 1.800 | 1500 i 2400 | 1,500 | 1.koC 1500 | 1.h00 | 1.hoo | 1.400 | 1.k00 | 1.hoo
s00 | 1192 | nawe | 10392 | 1wz | 1e | l.me | 132 | 1392 | 1392 | 1392 | 1392 | 1.392 | 1.392 | 1392 | L.3%2

1,000 1.3 1.343 1.343 1.33 1.343 1.343 1.3 1.343 1.3%3 1.33 1.343 1.3%3 1.33 1.3 1.3

1,50 | 1.316 | 1.316 | 1.36 | 116 | 1L.36 | 1.36 | .36 | 1.316 | 1.316 | L.A6 | L.36 | 1.316 1.6 | 1.36 | 1.6

2,000 1.304 1.30% 1.308 1.4 1,304 1.0 1.30h 1.30k 1.308 1.304 1.30% 1.3 1.308 1,304 1.304

2,500 1.296 1.297 1.297 1.297 1.297 1.298 1.298 1.268 1.298 1.298 1.298 1.298 1.208 1.298 1.208

3,000 1.263 1.279 1.283 1.289 1.201 1.293 1.293 1.264 1.29% 1.29% 1.26% 1.29% 1.2 1.29% 1.204

3,500 1.147 1.192 1.211 1.247 1.258 1.271% 1.280 1.286 1.288 1.290 1.2 1.292 1.292 1.292 1.292

3,75 | 1007 | 1am | 2.5 | 1.203 | 1221 | 1.253 | 1.263 | 1.278 | 1.281 | 1.267 | 1.288 | 1.200 | 1.290 | 1.291 | 1.290

k,000 1.090 1.109 1.121 1.1% 1.178 1.220 1.2% 1.262 1.270 1.281 1.283 1.287 1.288 1.289 1.290

k,2% 1.085 1.095 1.102 L.aer 1.1k2 1.184 1.202 1.239 1.251 | 1.2 1.276 | 1.20% 1.285 | 1.288 1.288

%, 500 1.088 1.091 1.095 1.110 1.120 1.152 1.1‘70 1.211 1.227 1.256 1.265 1.278 1.28: 1.286 1.287

L, 750 1.095 1.093 1.094 1.102 1.108 1.131 1.1h5 1.183 1.201 1.28 1.250 1.269 1.275 1.282 1.284

5,000 1.1 | 1.09% 1.098 1.100 1.10% 1.118 1.128 | 1.160 1.177 1.27 1.232 1.259 1.266 1.278 1.281

5,250 1.158 1,112 1.106 1.103 1.104 1.113 1.119 1.1h3 1.157 1.196 1.212 1.245 1.256 1.272 1.277

5,500 | 1.8 | 1.k | 123 | 1208 | 1,07 | 1.a11 | L5 | 1332 | Lash | 177 | Lagh ) 1.23%0 1.263 | 1.265 | 1.271

5,7 | 1.329 | 199 | 158 | 139 | 10w | 1.3 | 115 | 1326 | 1135 | 1,63 | 1a78 | A5 | 1230 1.25 1.265

6,000 | 1.3 | 1.279 | 1.220 | 2.139 | 3.126 | 1117 | 1037 | 1.3 | 1130 | 1152 | 1,165 | l.201 | L.2A7 1.247 | 1.257

6,250 1.233 1.3% 1.290 1.17h 1,147 1.124 1.122 1.12h 1.128 1.1kh 1.156 1.188 1.20% 1.237 1.249

6,00 | 18 | x.2r3 ] 1.8 | 1228 | 2383 | 135 | 1029 | 2126 | 128 | 1M ) Lb9 | 178 | 193 ) 1.227 1.240

6,750 1.149 1.218 1.260 1.260 1.2% 1.153 1.1%0 1.1% 113 113 1.146 1.170 1.183 1.27 1.231

7,000 1.129 1.178 .21 1.290 1.278 118 1.157 1.13% 1.1% 1.139 1,24k 1.16% 1.176 1.208 1.222

7,25 1.116 1.152 1.176 1.258 1.28% 1.209 1.183 1,145 1.1k0 1.1ko 1.1 1.159 1.170 1.200 1.214

7,500 1.109 1.135 1.152 1.218 1.25 1.257 1.237 1.157 1.348 1.1k3 1.145 1.157 1,166 1.193 1.207

7,750 1.105 1.124 1.137 1.187 1.220 1.276 1.251 1.17h 1.158 1.1k7 1.147 1.15 1.163 1.188 1.201

8,000 1.10% 1.137 1.127 1.165 1.191 1.266 1.271 1.197 1.173 1.152 1.15% 1.156 1.162 1.183 1.195

8,2% 1.10% 1.113 1.121 1.1% 1.170 1.2k 1.268 1.22 1.192 1.1%9 1.15% 1.157 1.161 1.180 1.191

8,50 | 1206 | 1012 | 1237 | 1.13% | 1155 | .21k | LA | 1.2k | 1.25 1.168 | 1.161 | 1.159 | 1.162 | L.ITT | 1.187

8,T% 1.110 1.112 1.116 1.133 1.145 1.192 1.223 1.265 1.239 1.179 1,168 1.161 1.163 1.176 1.185

9,000 1.115 1.113 1.116 1.128 1.13%8 1.176 1.202 1.265 1.258 1.193 1.177 1.165 1.166 1.17$ 1.183

9,25 1.122 1.116 1117 1.126 1.13% 1.16k 1.185 1.253 1.266 1.210 1.189 1.169 1.168 1.176 1.182

9,500 1.133 1.119 1.119 1.125 1,13 1.15 1.173 1.2% 1.261 1.229 1.203 1.175% 1.172 1.176 1.182

g,7% | 189 | 1.5 | 1a22 | 125§ 11p | 115 | 1.6k L 128 | 1.8 0 1246 L 218 ¢ 18 1.176 | 1.178 | 1.182

w000 | 1712 | 1332 | 1azv | 1026 | 123 | 1246 | 157 | 1.2ob | 1,233 | 1.260 ¢ 1.235 | 1289 | 1.181 | 1179 1.183

10, 500 1.24h 1.15% 1.1k2 1.132 113 1.1k2 1.15% 1.183 1.206 1.265 1.262 1.208 1.19% 1.185 1.186

11,000 1.5 1.199 1.168 1.141 11238 1.1bk2 1.147 1.171 1.188 1.2u7 1.267 1.233 1.212 1.102 1.191

11,500 1.4k3 1.267 1.213 1.155 1.148 1.1k5 1.148 1,164 1.177 1.226 1.253 1.258 1.23 1.202 1.198
12,000 | 1.513 | 1.352 | 1.279 | 1.179 | 1.163 | 1.1% | 145 | 1162 | 1a72 | 1.209 | 1.235 | 1.273 | 1.e57 1.228 | 1.206
12,500 1.5%4 1.435 1.359 1.216 1.186 1.1% 1.157 1.162 1.169 1.19%9 1.220 1.275 1.27% 1.229 1.216
13,000 1.562 1.h9g 1.435 1.968 1.220 1171 1,165 1.165 1.170 1.192 1.209 1.265 1.280 1.245 1.229
13,500 | 1.501 | .50 | aes | 1.3 [ 2.267 | 1288 | 1276 | 1269 | 1.a72 | 1.189 ¢ l.202 | 1.252 1.275 | 1.263 | 1.243
1k,000 1.384 1.%9 | 1.535 1.397 1.32h 1.211 | 1.3191 1.175 1.175 1,188 | 1.198 1.240 1.265 1.278 1.258
1k,500 1.268 1.hoh 1.542 1.45 1.8% 1.243 1.211 1.183 1.180 1.188 1397 1.231 1.25 1.287 1.273
15,000 1.188 1.987 1.486 1.502 1.541 1.283 1.2% 1.193 1.187 1.150 1.197 1.225 1.245 1.290 1.284
16,000 | 1.123 | 1.207 | 1285 | 1507 | 1.56 [ 1.378 | 1.3 | 1.222 | 1207 | 1198 | l.200 | L.219 | 1.233 | 1.279 1.292
17,000 | 1012 | 1.1% | 1.169 | .32 1.? 165 | 1.359 | 1.266 | 1.2% | 1.20 | 1.208 | 1.218 | 1.227 | 1.268 | 1.283
18,000 | 117 | 121 | 1am | 1.208 | 1.285 | 192 | 1472 | 1.326 | 1218 | l.2e7 | 1,220 | 1.221 | L.227 | 1.253 1.269
19,000 1.137 1.123 1.12h 1.153 1.188 1.385 1 1.39 1.333 1.2% 1.2% 1.227 1.2 1.247 1.2%9

20,000 1.183 1.135 1.1%0 1137 1,150 | 1.258 1.358 1450 | 1.393 | 1.280 | 1.257 1.2% 1.235 1.244 1.252

21,000 1.264 1.162 1.145 1.13% 1,181 1.190 1.249 155 1542 1.38 1.283 1.248 1.243 1.24 1.249

22,000 | 1.366 | 1.me | oxare | 1as3 | nase | 162 | 192 |oL3s | 1.6 | L3 | 135 1262 | 1.253 1.47 | 1.2k

23,000 1.553 1.288 1.228 1.159 1.1% 1.15 1.168 1.281 3.380 1.bo3 1.351 1.279 1.265 1.252 1.25%
2,000 | 1.sob | 2.373 | 1.300 | 187 | 1.67 § 1% | 1060 | 1222 | 3295 | 1.beg [ 1.388 | 1.299 1.280 | 1.258 | 1.2%
25,000 1.529 1.443 1.318 1.2 1.194 1.161 1.161 1.192 1.2% 1.b19 1.k15 1.321 1.296 1.266 1.259
26,000 | 1.5%9 | 1.8 | 1.2 | 1.289 | 1.23 | 1ath | 1267 | 1079 | deob | 1369 | Lag | L.%E | 135 | L.275 1.266
27,000 1,543 1.51% 1.k84 1.35% 1.287 1.193 1.178 1.176 1.189 1.7 1.390 1.370 1.33% 1.286 1.27h
28,000 1.962 1.527 1.508 1.310 1.345 1.351 1.195 1.178 1.184 1.25% 1.339 1.390 1,354 1.297 1.282
29,000 1.561 1.5 1.521 145 1.399 1.75% 1.220 1.188 1.184 1.229 1.290 1.ko1 1.372 1.309 1,292
30,000 1.539 1.5% 1.527 1.8k 1.842 1.303 1.252 1.19% 1.189 1.213 1.25% 1.397 1.387 1.322 1,302
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TABLE IV.- TRANSPORT PROPERTIES FOR NITROGEN
(a) Viscosity ratio, n/no

Hess:z:\-e, atmrspheres
| % | 0.0001 | 0.0005 o.ormu 0.005 | 0.01 | 0.05 0.1 0.5 1 5 1o =% 100 500 1.000
293 |1.0000 | 1.0000 | 1.0000 | 1.0000| 1.0000 | 1.0000 [1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 [ 1.0000 | 1.0000 | 1.0000 | 1.0000
500 | 1.0000 | 1.0000 | 1.0000 | 1.0000| 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1,0000 | 1.0000 | 1.0000 | 1.0000 | 1.000¢ | 1.0000
1000 | 1.0000 | 1.0000 | 1.0000 | 1.0000| 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 [ 1.0000 [ 1.0000 | 1.0000 | 1.0000 {1.0000
1500 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 { 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
2000 |1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
2500 |1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000} 1.0000 | 1.0000 | 1.0000 } 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 |1.0000
000 |1.0001 | 1.0000 | 1.0000 | 1.0000] 1.0000{ 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 }1.0000
3506 |1.0013 | 1.0006 | 1.0004 | 1.0001] 1.0001| 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 |1.0000
Looo | 1.0136 | 1.006k | 1.0085 | 1.0021 | 1.0015] 1.0007 | 1.0005 | 1.0002 | 1.0002 | 1.0001 | 1,0001 | 1.0000 | 1.0000 | 1.0000 | 1.0000
U500 | 1.0656 | 1.0359 1.0265 | 1.0126 | 1.0090{ 1.00k1 | 1.0029 | 1.0021 | 1.0009 | 1.000k | 1.0003 | 1.0001 | 1.0001 | 1.0000 }1.000C
5000 | 1.1362 | 1.1067 1.0886 | 1.0h01 | 1.036k | 1.6173 j1.012% | 1,005 | 1.00%0 | 1.0018 | 1,0013 | 1.0006 | 1.000k | 1.0002 {1.0001
5500 |1.1785 | 1.1701 | 1.1612 | 1.1215 1.0950] 1.053¢ | 1.0361 | 1.018k | 1.0131 | 1.0060 | 1.0042 | 1.0019 | 1.0013 | 1.0006 j1.000L
5000 |1.2068 | 1.2084 1.2063 | 1.1908 | 1.1753] 1.1201 | 1.09h3 ] 1.o479 | 1.038 | 1.c162 | 1.0115 | 1.0052 | 1.0037 | 1.0016 }1.0012
6500 |1.2212 1.2332 | 1.2359 | 1.2330 | 1.2284 | 1.1955 | 1.1702 | 1.1018 | 1.0767 | 1.0370 | 1.0266 | 1.0121 | 1.0086 | 1.0039 |1.0027
7000 | 1.2127 | 1.2bhk2 1.2520 1 1.2627 | 1.2633] 1.2507 | 1.2366 | 1.1748 | 1.1430 | 1.07ho | 1.0541 | 1.0251 | 1.0179 | 1.0081 |1.0057
7500 |1.1576 | 1.23k1 1.2525 | 1.277s | 1.284k§ 1.2880 | 1.282h | 1.2447 | 1.2146 | 1.1268 § 1.0979 | 1.0471 | 1.0338 | 1.0153% [1.0109
8000 |1.0213 |1.185 | 1.2251 | 1.2996] 1.2929 ) 1.3137 |1.3139 | 1.297h | 1.2781 | 1.1988 | 1.1579 | 1.0810 | 1.0588 | 1.0271 |1.0193
8500 L7785 | 1.0730 1.1517 | 1.2600 | 1.2862] 1.3226 | 1.3319 | 1.3352 | 1.3255 | 1.2676 | 1.2268 | 1.1282 | 1.0949 | 1.0447 |1.0320
9000 A76h 8787 1.01317 | 1.2073f 1.2558 ] 1.3220 [ 1.3385 | 1.3601 | 1.3598 | 1.3253 ¢ 1.2028 | 1.1872 | 1.1430 | 1.0697 [1.0501
9500 .2359 6189 7984 | 1.10781 1.1908} 1.305% | 1.333% | 1.3728 | 1.3815 | 1.3702 | 1-381 ] 1.2523 | 1.2012 | 1.1033 [1.07h9
10000 1060 LB .5458 95211 1.0805{ 1.2664 | 1.312% | 1.3758 | 1.3939 | 1.%036 | 1.3018 | 1.3060 | 1.2646 } 1.2102 [1.1072
11000 L0245 .0986 .1768 . 5280 7222} 1.0943 §1.2001 | 1.3885 | 1.38%6 | 1.4370 | 1.5466 | 1.1167 | 1.3833 | 1.2533 [1.1952
12000 L0097 .0295 0529 . 2060 %3 .7868 L9675 | 1.2573 | 1.3325 | 1.4369 | 1.4632 | 1.4868 | 1.4720 | 1.3706 [1.3052
13000 L0065 ,0133 .0208 L0756 .1360 JLLeT L6468 | 1.0805 | 1.2132 § 1.hOLS | 1.4523 { 1.5180 | 1.5265 | 1.4729 [1.k169
14600 L0063 0087 .0119 033 LO57k 2165 -35%6 .8273 | 1.0195 | 1.326% | 1.L103 | 1.5235 | 1.5507 | 1.557 |1.5131
15000 0066 .0079 L0089 0187 L0295 104 1839 5570 773 | 1.2081 ) 1.3296 | 1.5086 | 1.5535 | 1.6019 |1.587h
16000 00658 0082 L0090 .0128 0184 .0559 0972 .3b11 .5303 | 1.0311 | 1.2063 | 1.4711 | 1.5386 | 1.6291 {1.6381
17000 0038 L0075 .0089 L0115 L0136 ek L0567 201 .3ko2 L8286 | 1.0Lkg | 1.%077 | 1.5085 | 1.6394 |1.6677
18000 ocz22 .0055 .00Th 0115 0129 .02% L0367 1246 .2150 6275 L8607 | 1.3171 | 1.bho1 §1.6371 |1.6822
19000 .00k .0035 .0052 .0104 .0126 .0182 0254 L0813 .1397 .b556 6769 | 1.2012 | 1.3716 | 1.62% |1.6855
20000 0011 o022 003 .0082 .0110 L0171 L0206 L0559 .0952 .3252 5147 | 1.0659 | 1.2733 | 1.5963 |1.67%1
21000 L0010 L0017 .0023 0058 0086 0161 L0194 L0397 L0673 .233%6 L3853 .9211 | 1.1502 | 1.5568 [1.6630
22000 L0011 L0014 .0018 L0041 0062 R t's 0180 L0309 .OL86 L1713 . 2887 JITTO | 1.0325 | 1.5083 |1.6367
23000 -0011 L0014 .0016 0030 .00hY 0113 L0157 0273 .6375 1282 2191 .6L58 L9039 | 1.4397 [1.6004
24000 0012 001k L0015 ook L0033 L0086 0127 0252 0324 L0969 .1687 .5312 JT798 | 1.3645 |1.5543
25000 L0013 001k L0016 L0022 .0028 0065 L0099 0227 0296 0736 L1308 4358 L6661 | 1.2609 |1.hog2
26000 .01k .0015 .0016 0021 .0025 .0051 L0077 0154 L0267 L0581 .101k .3585 L5660 | 1.1919 |1.k362
27000 001k 0016 L0017 L0021 0024 .ool2 0061 L0161 .0233 .0ki9l 0796 2960 .L8o3 | 1.1002 |1.367C
28000 L0015 L0017 0018 0021 L0024 .0037 L0050 0131 .0197 .0h36 L0651 J2hhg .koBr | 1.0089 |1.2933
29000 0016 L0018 0019 L0022 0024 003k .00l 0107 L0164 .0392 .0562 .2020 .37 L9204 {1.216G
30000 .0017 0019 0020 .0023 .0025 .0033 L0040 0089 .0136 039 L0500 1658 .29k9 836k (1.1396




TABIE IV.- TRANSPORT PROPERTIES FOR NITROGEN - Continued
(b) Thermal conductivity ratic, k/kq

Pressure, atmospheres

™ % |o.00m f.ooes | ool | 0.005 | 0.1
293 1.00 1.00 1.00 1.00 1.00
500 1.01 1.01 1.01 1.01 1.01

1000 1.09 1.09 1.09 1.09 1.09
1500 1.8 1.4 1.1k 1.1b 1.1k
2000 1.7 1.17 1.17 1.17 1.7
2500 1.19 1.18 1.18 1.18 118
3000 1.ko 1.28 1.26 1.22 1.21
3500 T 2.33 2.00 1.54 1.5
3750 7.6 419 3.32 2.15 1.88

LO0O 15.71 8.06 6.11 3.43 2.78

4250 27.59 | 14.87 | 11.18 5.85 .52

4500 ¥.27 | k.29 | 18.87 9.89 7.8

4750 ».32 .00 | Z7.k0 | 15.76 n.97
5000 16.09 0.10 31.15 22.5 17.81
5250 7.32 |19.50 | 25.% | 27.35 | 23.60
5500 3.93 [10.07 | 15.25 | 26.30 | 26.%0
5750 3.3 5.37 8.16 | 19.5%6 | 23.72

6000 L.o7 3.65 .75 12,14 17.16

62% 7.9 4.02 3.68 7.22 | :0.85

6500 12.19 6.07 .48 k.71 6.75

675 18.16 9.18 6.73 3.97 4.66

T00C 26.b1 13.30 9.90 L.Bo L

7250 37.38 | 18.75 | 13.98 6.85 5.00

500 51.17 25.88 19.27 9.67 T.001

T7% 67.22 | .91 | 26.01 | 135 9.71

8coe 83.8s | k584 | .35 § 17.h1 | 12.97

8250 97.91 58.% 4k .28 22.61 16.50

8500 105.23 T1.36 55.48 26.86 21.59

8750 | 102.3 | B83.3% | 67.15 { 36.15 ; 27.1k

900¢ 85.33 | 91.93 | 78.05 | k.35 | 33.55
925C 70.29 .72 86.37 53.16 ho.73
950¢ 50.85 | 90.35 | %0.20 | 62.02 | LB.UE
975 3*.73 | 79.51 88.20 70.12 56.35

10000 22.98 (AR ) B80.h1 76.k6 63.83

10500 9.87 | .2 | 4.0 | T9.84 | 7h.59

11006 4,58 |18.20 | .08 | 68.57 | 7h.92

11500 2.28 g.oo | 16.26 | kB.97 | 63.51

12000 1.35 k.69 8,52 30.73 46.13

12500 9 2.68 k.71 18,10 30.09

13000 .13 1.72 2.83 | 10.65 | 18,62

13500 66 1.2% 1.89 6.45 11.45

14000 .67 .97 1.38 kb 7.23

14500 T .85 1.c9 2.85 .78

15000 5 .85 .96 2.10 3.3%

16000 .83 -93 -98 1.37 1.96

17000 .89 1.01 1.07 1.25 1.k5

18000 .93 1.09 1.16 1.3 1.43

15000 .93 1.15 1.23 1.43 1.53

20000 Gk 1.17 1.28 1.52 1.63

21000 .98 1.18 1.30 1.60 1.72

22000 1.05 1.21 1.32 1.65 1.80

23000 1.13 1.28 1.37 1.68 1.86

24000 1.21 1.3 1.5k 1.72 1.90

25000 Lo | oxas | 153 | 179 | 1.95

26000 1.39 1.55 1.63 1.87 2.02

27000 1.4 1.65 1.7k 1.98 2.2

28000 1.9 1.76 1.84 2.09 2.23

29000 1.69 1.87 1.96 2.21 2.35

30000 1.79 1.58 2.07 2.3 2.47

.05 0.1 0.5 1 5 10 50 100 500 1,000
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.01 1.01 1.01 1.00 1.0t 1.01 1.01 1.0L 1.01 1.01
1.09 1.09 1.09 1.09 1.09 1.09 1.09 1.09 1.09 1.09
1.1h 1.1k 1.1k 1.18 1.1k 1.14 1.4 1.1k 1.1h 1.1%
1.17 1.7 117 1.17 1.7 1.7 1.7 1.17 117 1.7
118 1.18 1.18 1.18 1.18 1.18 1.18 1.18 118 1.18
1.20 1.20 1.19 1.19 119 1.19 1.19 1.19 1.19 1.19
1.31 1.28 1.23 1.22 1.21 1.2 1.20 1.20 1.20 1.20
1.5 1.k 1.29 1.27 1.23 1.22 1.21 1.20 1.20 1.20
1.1 1.70 1.k2 1.% 1.27 1.25 1.22 1.21 1.21 1.20
2.70 2.2t 1.68 1.5 1.35 1.3 1.25 1.23 1.22 1.21
L.08 3,85 2.13 1.86 1.5 1.b1 1.29 1.27 1.23 1.22
6.3 4.85 2.86 2.38 1.73 1.58 1.37 1.32 1.26 1.2
9.53 T.2h 3.9% 3.19 2.10 1.84 1.kg 1.%0 1.29 1.27
13.7% | 1055 5.61 L.3% 2.64 2.22 1.66 1.53 1.35 1.31
18.ko 1k .46 7.79 5.96 3.50 2.76 1.91 1.70 1.43 1.%
22.20 | 18.53 |10.5%0 8.03 L.kl 3.5 2.24 1.9% 1.56 1.5
23.29 21.4g 13.5% 10.52 5.71 4.5k 2.65 2.26 1.68 1.5k
20.71 21.9% 16.55 13.23 7.29 5.62 3.25 2.66 1.86 1.67
15.80 | 19.33 |18.76 | 15.82 9.12 7.03 3.95 3.17 2.10 1.84
10.92 15.05 194k 17.73 11.10 8.64 .79 .78 2.% 2.0b
7.3 10.T4 18.21 18.39 13.06 10.36 5.76 k.50 2.73 2.29
5.29 7.5 {1548 [17.50 |[14.73 | 12.07 6.86 5.3 3.13 2.58
u.hs 5,52 {12.19 {15.31 [15.81 | 13.59 8.06 6.27 3.60 2.92
4.78 b.62 9.21 12.50 16.06 14,68 9. T-29 4.1k 3.3
6.17 .79 6.98 9.79 15.38 15.17 10.51 8.35 .73 3.76
8.28 5.95 5.55 7.59 |13.92 [ .92 |11.60 9.41 5.39 4.25
10.85 7.82 L.92 6.05 12.01 13.97 12.50 10.k2 6.09 L.18
13.81 | 10.15 5.10 s.21 | 10.02 12,50 | 13.06 | 11.29 6.82 5.3%
17.22 } 12.81 6.04 5.06 8.25 | 10.82 [13.22 | 11.96 7.5 5.97
2112 | 15.82 1.571 5.62 6.84 9.16 [12.97 | 12.% 8.% 6.55
25.55 | 19.21 9.49 6.78 5.88 7.72 }12.32 | 12.4% 8.99 7.23
30.5% 23.01 11.65 8.8 5.40 6.59 11.38 12.20 9.62 7.85
35.90 | 27.23 1k.02 | 10.26 5.h2 5.83 110.28 | 11.66 | 10.1% 8.4
17,51 36.76 19.41 14.56 6.50 5.57 8.06 .98 10.75 9.h3
58.50 | 46.99 | 25.70 | 19.51 9.70 6.98 6.2 8.11 | 10.69 | 10.08
65.53 | 56.33 | 32.78 | 255 |13.11 5.53 5.75 6.63 9.99 | 10.14
66.84 62.51 50.21 31.35 16.85 12.60 6.23 5.90 8.88 9.7
66.31 | 63.38 |a7.21 | 37.78 [ 20.92 | 15.% 7.75 6.11 7.71 8.9
48.69 | $8.27 | 52.75 | 43.89 | 25.27 | 19.50 9.9 7.2 6.7% 8.02
35.97 18.73 55,70 48.94 29.81 231.26 12.44 9.06 6.21 7.1k
25.11 37.67 55.27 52,11 .3 27.15 15.06 11.26 6.23 6.51
7.0 | 27.58 | sk (se7y | B8 | noT 17015 | 13.6 6.58 6.28
11.67 | 15.68 | us.oh | s0.70 |b22r | .83 | 20.b9 | 15.59 8.09 6.5
5.86 9.96 29.91 ko.28 46.25 by .02 26.05 20.84 11.55 B.52
3.b3 5.55 17.99 27.52 bl 66 3.91 N.% 25.67 15.45 11.83
2.31 3.52 10.85 17.56 B.a7 L2 47 35.76 30.20 19.30 15.52
1.92 2.52 6.98 11.33 29.67 37.33 3B.61 3,0b 22.99 19.13
1.95 2.20 L.87 7.72 21.88 .b1 39.35 3¥.73 26.48 22.57
2.05 2.2k 3.67 5.60 |15.97 | 23.68 | 37.ok | 37.93 | 29.65 | 25.79
2.16 2.35 3.15 .33 | 11.90 18.18 .62 37.53 32.38 28.76
2.26 2.46 3.09 3.73 9.19 | b2 | 30.75 | 3576 | P51 3139
2.% 2.57 3.19 3.60 7.3 | 11.25 |e6.50 | .96 | 35.97 | 33.63
2.L5 2.68 3.7 3.68 6.16 9.21 22.61 29.70 6.1 35.50
2.52 2.78 3,54 3.8 5.52 7.78 19.31 6.4 ».75 3%.68
2.58 2.86 3.58 3.95 5.31 6.88 16.64 23.37 3%.18 37.45
2.67 2.9% N L.09 5.3 6.4l 14.53 2.73 35.14 17.76
2.77 3.03 3.84 L.k 5.47 6.3 12.87 18.52 33.77 37.64
2.89 3.4 3.96 4.39 5.62 61 |11.61 | 16.69 | 32.23 | 37.19
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TABLE IV.- TRANSPORT

(e)

PROPERTIES FOR NITROGEN - Concluded

Prandtl number, Pr

Pressure, Atmospheres

7,% [o.0001 {0.0005 | 0.001 | 0.005 o.01 0.05 0.1 0.5 1 5 10 50 100 500 1,000

293 1369 7369 T¥%9 1369 S1¥5 T¥9 %9 273%9 T¥9 T¥9 739 T¥9 Nk ST¥9 T%9

wo | rser | 7 | 3o | LT3} 7397 | wmser | 13 ot 7397 | LTI | 39T | L7397 | L7397 | WTIOT | OTIY
1000 | 798 | .7580 | .7s80 | .7s80 | 580 | 7560 | .7sdo | 7580 | .7s@o | .7s80 | 7560 | 7580 | .7580 | 780 | 7560
100 | 7692 | e | 7602 | 1602 | 7692 | 7692 | 7o | .70z | 7692 | 7602 | 7692 | 1692 | 7692 | 7652 | .T6%2
2000 | J77eb | o7mes | o.TThs | LTks | TTRS | LTTAS | LTTRS TS | TS LTTRS | LTTAS TTes | WTTRS | LTTHS | LTTRS
2500 | 159 | ties | .rees | .tiee | .tr7o | Tt | om7m | oTiT2 | .Tme | WTTTR | 7772 | WTTTR | WTTTR | WTTTR | LTTI2
oo | omwos | t6or | 1653 | mres | .te3 | .mve8 | .vreb | o.Tes) | L7783 | L7786 | 7786 | .Y78T | .T7ET | .TT8R 7788
3500 -60b8 -6525 ETLL 7188 -7335 7568 7631 JT k2 T3 T80 TR -T192 -T795 T
g0 | .5690 | .soo | .6ut | 6617 | .683% | 1258 | .1392 | .7BOL | 7656 | .77H | 7754 | 7780 | .TTE6 | .TIA | .TTH
s000 | L5763 | .5675 | 578 | bomi | 6275 6792 | L6998 | T3 k82 | 765G | T693 | .TT53 L7768 | .T788 | .TT93
haso -6335 L5170 . 5682 5Th0 -S859 .6293 6519 JTo20 7198 Tho6 T5e 7700 7% -TT72 TT82
4500 | L7521 6219 | o977 | L5673 | .56TH 5006 | 6086 | .6600 | .6824 7257 | L7394 7606 | 7662 | .TTRL | .TTEL
uso | 9035 | 7284 | 8695 | 889 | .5736 | .5700 | (5T | 6201 | .Ghes | .69k5 | LTI | J7ME2 | TS5k [ 7650 [ .77
soco | .9998 | .B6ho | .7Bsg | .6am | 6071 | 5690 | 5675 | .s897 | 6078 | 6599 | 6326 | L7262 | T390 | .TELL | L7667
seso | 988 | .g7sL | .oz | .73m | .érer | 888 | .76 | 5722 | .8m ) 6269 | 650l | T0NE 7197 | 700 | 7584
ssoo | 8746 | 1.0062 | .9953 | w38 1 7679 | .6m8 | .s991 | .5685 | .s5703 [ 5998 | .Geow | .6Th2 | 695y 7354 | .THT3
510 7022 Jh53 9965 9504 8773 » TOOO Bh61 5192 <5700 5810 5965 6568 6703 STAT8 <1333
6000 .5k52 8107 L9150 L0018 L9657 i h 7153 L8053 L5827 L5713 5800 6218 6hS0 6978 JT167
6250 JAsh7 L6465 TP .98k 1 1.0023 8845 8016 Bh7g J6ogL L5T1L L5717 8011 220 676k 6981
500 | .ods | .site [ 6170 | .go0s | .o7sh | 9607 | 8903 | .to12 | .60 | .stor | .sme | .sesy | .Gom7 | .65: | L6785
6150 | .23 | .uss3 | .so3s | 7686 | .B38S | .9965 | .9603 7798 | 1061 | 6005 | 5805 5162 | .88 | .63%c | 6589
7 %59 ko061 Jhgs L6267 7603 L6821 9938 .B5T2 LTT35 6310 JsuB2 5728 L5784 6171 JBhoL
T25% L3545 .27 4039 ,5183 6253 9178 g8 L9260 .8ksT 672k 6252 515% L5741 6020 6230
750 | sk | 3670 | .38en | hses | sa1s | B | .98 | L9728 | .1 7% | 6615 | .BMB | .5751 | .soc2 | 6083
70 3%1 .3565 <376 ROLES -a567 6512 -8299 9879 9609 7821 06T 6005 .5816 L5821 -5
8ooo | .32k JW76 | .3%9 | L3307 ST - 50 9670 | 983 .87 7590 16228 | L5937 5TTS L5871
geso | .ws9 | .3mc | .me2 | o | L.mma ] .06 | 6057 | o213 | Lovhs | 8987 | 848 | 6518 | 6114 5768 | .5811
8500 | 2787 3289 | .3399 | B3k -3118 Whgo | .5215 | L8271 533 | .obpg | .8693 | 6870 | .6%g 1 .5799 | .5783
8750 L2411 23152 L3903 13543 . 3660 sy 4okt ST2T5 .80ks 9689 .5265 721 6639 5869 5787
o000 | ageo | L2051 | .m7e | 3w | 3588 | Laome | Ae7e | G299 | 77y [ .ovab | 9508 | .T7RL | 6579 | L5973 | .582h
sesc | .ise | L2689 | .06 | .35 | .m89 | .78 | .we3s | .o | .68 | .9mi7 | 9675 | .BiBo § .736e | 6125 | .5B93
gsoc | L1093 | 236 | .277e | .329m | .13 | .386 | 3066 | .48s5 | .s953 | 9078 | 9639 | .Boax [ .TT7Z | .61 | .5995
9150 | -o779 | -295%6 | .2 | .82 33m | .3596 | .yke | .buB2 | 5266 | .Bwbz | 931 | .9010 | .B1%0 | .653% | .63
10000 0557 L1560 2119 L2035 323k . 3520 . 3646 4158 k762 7676 Boh3 932 8589 L7611 L6297
w0500 | .omu | .os0 | L1303 | .2609 | .29 | .338 | .5 | .38531 | .wase | .61z | 76 | .gske | o.g2ak | 7393 | .6723
1000 | L0218 | L0525 | 0837 2024 2526 | .30y | .3359 | .35 | .3k | .hg82 | 6168 | ;18 | .ou75 | .B0%0 | .T2%
11500 0188 .0335 .0510 b7 1973 2967 L% L3514 .3652 Jk323 . 5068 .8283 9226 8663 7835
12000 | .0187 | .omkg | .omw2 | 093 | .16 | 262 | .2965 | .3392 | .3518 3956 | 4395 | .7080 | .B493 | o111 | .Bhet
12500 157 0216 0263 0621 Retsiel L2182 J26k9 3261 . 302 k] 4008 .5913 Th7 L9286 8871
13000 | .o22 | L0207 | .c229 ob¥% | .0667 | .1Ta2 o2sh | .3097 | .38 | .3592 | 3776 | .souk { 6317 [ 912 | .19
13500 C2kk L0209 0217 .0335 .ob0 1285 182k L2883 L3137 .38o .3%20 bh15 5365 .B626 G164
14000 onk oA9 0216 0261 LGITL .00k L1418 L2611 2955 L3381 . 3506 b0o3s AETL 1862 .BB33
1hsgo | .ou57 | .o246 | .ozeb | .oesk | .omc | .ofe7 | .108c | .22 | .2727 | .3280 | .30 | 3753 | .b@06 | .6955 8356
1so0c | .oteh | oom6 | .ozs3 | omke | .ozys | .osms | .osmw | oLxger | o.oksh | o367 | 3me | .¥m | .30 | 6e63 | 7623
16000 1616 L0655 Olk3 0266 .ok5 0371 0517 12 .1842 2873 L3118 L322 .3558 6T W
17000 £1502 L1367 .0926 L0371 G280 .0296 0374 e 1285 250 2840 . 3969 .3%9 L3897 JhE82
18000 L1132 2767 .1552 .0695 L0465 L0269 0303 5558 0886 1959 2480 L3k X o] ] 3893
15000 L0653 1332 .1608 1193 083 031 0285 Kot L0635 L1581 .2063 2926 I o3 L3081 %8
20000 .0185 0634 L1062 L1501 L1269 L0558 L0376 L0357 o8z L1162 L1649 L2691 .2933 3139 L3211
21000 0089 030k Q53 L1304 .1523 .08T7 .0596 038 03Bk L0880 .1289 L2h11 2739 P o144 L3055
22000 | .0055 | .o1u3 | .oesc § .08k | 1165 | .2177 | 0892 | .O373 0337 | .0680 | .look 2103 | 2509 | .2920 | .2939
23000 L0043 0080 0127 .okb2 L0752 L1254 1% 053k L0377 .0537 0789 1793 2252 2805 L2835
24000 0B L0055 D076 02h3 Oh26 .1067 1183 -0751 L0513 0437 0628 1503 1982 L2677 LoTh1
25000 00% 0Bk 005 o13% 0235 o762 1017 .ogkg 0702 .0388 0568 Bt L1716 L2531 2637
26000 0035 ooy Kea13 L0086 L0137 Ko’ 0750 L1082 L0877 ok15 oh 32 1033 1468 2370 2524
27000 0035 o037 | .oote | .co62 | o080 | .o2ov | .os0r | .opoh | .og7k | .omz | .obiy [ .oBSk | 1246 | 2196 | .2koo
28000 0035 003% L0038 L0050 006k 0184 09 .0839 0955 0643 .GB6S 0708 L1054 L2015 L2067
29000 0035 003% 0037 | .con3 | .oos2 | .o12x | .o20b | L0643 | .0B46 | .0763 | .0563 | .0%3 | .0889 | .183 | .2&125
30000 0035 0035 0036 L0040 LO0kS o086 013 o462 L0684, .0835 0671 0513 Q751 1651 .1978
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Figure 1.- Compressibility of nitrogen as a function of temperature.
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Dimensionless energy, ZE/RT
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Figure 2.- Energy of nitrogen as a function of temperature.
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Figure 3.- Entropy of nitrogen as a function of temperature.
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Figure 4.- Specific heat of nitrogen at constant density as a function
of temperature.
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Figure 23.- Comparison of experimental and theoretical interface

temperature rise for nitrogen.
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Figure 2U4.- Comparison of experimental and theoretical integrals of
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NASA-Langley, 1962 A-514
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